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ABSTRACT 
Liou, J.K.(1982) An approximate method for nonlinear diffusion 
applied to enzyme inactivation during drying. Doctoral thesis, 
Agricultural University Wageningen, (14 + 137 pp., 40 figs, 11 
tables, 57 refs, 2 app., English and Dutch summaries). 
An approximate model was developed for nonlinear dif-
fusion with a power-function variation of the diffusion coef-
ficient with concentration. This model may serve for the com-
putation of desorption times and concentration profiles in 
non-shrinking or shrinking slabs, cylinders or spheres, under 
isothermal as well as non-isothermal conditions. 
For the kinetics for thermal enzyme inactivation, a re-
lation was postulated, which includes a possible moisture de-
pendence of .the inactivation rate, which was tested by expe-
riments with soy bean lipoxygenase, entrapped in a glucose-
calciumalginate gel. 
The model was applied to the simulation of enzyme in-
activation during drying and tested by drying experiments 
with soy bean lipoxygenase in the above-mentioned model 
material. 
Good agreement was observed between the results, obtain-
ed with the approximate model, the numerical solution of the 
complete model and the experimental results. 
(c) J.K. Liou, Agricultural University Wageningen, the Netherlands, 
1982. 
No part of this book may be reproduced and/or published in any 
form, by print, photoprint, microfilm or any other means with-
out written permission from the author. 
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STELLINGEN 
1. Voor niet lineaire diffusie in vlakke lagen, cylinders en bollen met een 
diffusiecoefficient, die een machtsfunctie is van de concentratie 
(macht a > 0 ) , is onder een Dirichlet randvoorwaarde, net Sherwood kengetal 
in net regulier regime, een pseudo-lineaire functie van a/(a+2). 
Dit proefschrift: p51,52. 
2. Het door Schoeber gedefinieerde overgangspunt tussen penetratie periode 
en regulier regime voldoet voor diffusie in vlakke lagen en cylinders, 
maar leidt voor het geval van diffusie in een bol met een constante 
diffusiecoefficient tot een theoretisch onmogelijke waarde van de centrum-
concentratie. 
Schoeber, W,J.A.H. Regular regimes in sorption processes. 
Proefschrift, Technische Hogeschool Eindhoven (1976) p96-98. 
Dit proefschrift: p55-59. 
3. Aangezien Chen's benaderende oplossing van de diffusievergelijking voor 
een krimpende bol volkomen verschilt van de numerieke oplossing, is de 
waarde van de door Chen bepaalde diffusiecoefficient voor vochtdiffusie 
in druiven, twijfelachtig. 
Chen, C.S. Simultaneous heat and mass transfer in convective drying of 
biological materials. In: Comptes rendus du Symposium International sur 
la conservation des grains recoltes humides. Paris (1973) pl65-173. 
4. De door Eriksson voorgeschreven pH voor de activi'eitsbepaling van 
lipoxygenase is te laag. 
Eriksson, C.E., Svensson, S.G. Activation energy of reaction catalyzed 
by alcohol dehydrogenase, lipoxygenase, denatured peroxidase and hematin. 
Lebensm. Wiss. Technol., 7(1974) p38-41. 
• Dit proefschrift: pl02-104. 
5. De vaak verkondigde bewering, dat de thermostabiliteit van enzymen toe-
neemt bij afnemend vochtgehalte, is aanvechtbaar. 
Tumerman, L. Thermal inactivation of enzymes. In: Encyclopedia of food 
technology (Ed. A.H. Johnson & M.S. Peterson). Avi Publishing Company, 
Westport (1974) p292-306. 
Dit proefschrift: pl07. 
6. In een een-fase modelbeschrijving van warmtediffusie in poreuze hygros-
copische materialen, is het gebruik van zowel een effectieve thermische 
diffusiecoefficient, gecorrigeerd voor het aanwezige vochtgehalte, als 
een sorptie/desorptieterm in de diffusievergelijking, onjuist. 
Liou, J.K., Bruin,S. A model for watermigration in porous hygroscopic 
materials caused by temperature gradients. 
Lebensm. Wiss. technol., 14(1981) p206-212. 
7. Terecht merkt Viollaz op, dat rekenmodellen voor praktische doeleinden 
eenvoudig dienen te zijn. Het door Viollaz voorgestelde rekenmodel voor 
een droogproces, bevat echter dermate sterke vereenvoudiglngen, dat de 
praktische betekenis ervan te betwijfelen valt. 
Viollaz, P.E., Suarez, C., Alzamora, S. Temperature prediction in air 
drying of food materials: a simple model. 
J. Food Technol., 15(1980) p361-367. 
8. Fast en Popper stellen terecht, dat het gelijkstellen van selectieve 
informatie aan negentropie door Brillouin, voor niet fysische systemen 
(bijvoorbeeld een taal) absurd is. Het gebruik van entropie als groot-
heid in de informatietheorie, dient derhalve afgeschaft te worden. 
Fast, J.D. Entropy. MacMillan London (1970) Appendix 5. 
Popper, K. Unended quest. Fontana/Co11ins, Glasgow (1976) pl62-167. 
9. Feyerabend's kritiek op de waarde van empirische toetsing van weten-
schappelijke theorieen is terecht, aangezien "empirische resultaten" 
niet altijd "theorievrij" zijn. 
Feyerabend, P. Against Method, Minnesota studies in the philosophy of 
Science 4(1970) chapter 5. 
10. Het stabiliteitsconcept van Rutledge et al., toegepast op energie-
voorzieningssystemen, houdt in, dat een grotere diversiteit aan energie-
bronnen en energieroutes tot een hogere stabiliteit van het systeem 
leidt. Dit pleit voor de ontwikkeling van alternatieve vormen van energie. 
Rutledge, R., Basore, W., Mulholland, R.J. Ecological stability: 
An information theory viewpoint. J. Theor. Biol., 57(1976) p365-373. 
11. De verzilting van de Rijn is tegen te gaan, door zout weer als betaal-
middel in te voeren. Zwitserland kan dan als veilige opslagplaats dienen. 
12. Een zoutloos dieet alleen, maakt de Rijn nog niet gezond. 
13. Wit begint en geeft mat in drie zetten. 
Proefschrift van J.K. Liou 
An approximate method for nonlinear diffusion applied to enzyme 
inactivation during drying 
Wageningen, 24 maart 1982 
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a - power dependence in diffusion coefficient 
a - water activity 
w 
b = parameter in eqn.(4.101) 
B - beta function 
a - heat capacity 
d - density 
D - diffusion coefficient 
E - efficiency 
E - activation energy (J/Mole) 
/ = time dependent part of the large time solution 
F - flux parameter 
g - space dependent part of the large time solution 
G - flux function 
h - Planck's constant 
H = shrinkage factor 
j - mass flux 
J - Bessel function 
k = Boltzmann's constant 
k = specific inactivation rate 
e 
k - gas phase mass transfer coefficient 
K = function defined in eqn.(2.10) 
Xj_ - modified Bessel function of order-J-
m - dimensionless moisture content 
M = molecular weight 
n - mass flux 
p = parameter in eqn.(2.7) 
P - pressure 
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Sherwood number in critical point 





variable, defined in eqn.(4.78) 
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One of the main reasons for drying in food processing is 
the wish to improve the keepability of the end product. As 
high moisture contents enhance deterioration of foods through 
microbial and enzyme action, foods are dried to moisture con-
tents of 10% or lower. At these moisture levels, microbial 
growth is usually prevented. However, food degrading reactions, 
catalyzed by enzymes, may still proceed, even at very low 
moisture contents and subzero temperatures. Eventually, this 
will lead to the development of off-flavours, changes in 
colour and texture and loss of nutritional value. In table 1.1 
some of the important food degrading enzymes together with 
their specific activity are given [ 1 ]. 
Moreover, a varying storage temperature may cause moisture 
migration inside the dried product, resulting in increased 
local moisture contents and consequently improved conditions 
for microbial and enzymatic action [ 2]. 
It is therefore of great importance to choose drying condi-
tions in such a way, that food deteriorating micro organisms 
and enzymes are destroyed during processing. At the same time, 
however, food quality has to be preserved, which requires 
careful adjustment of drying rate and temperature. The neces-
sity of process control during drying operations is illustra-
ted by the fact that the food product may suffer severe los-
ses of flavour, colour, texture and nutritional value by heat 
treatment, evolving from thermally induced chemical, micro-


















































Loss in vitamin C 
content 
Loss in vitamin B 
content 
Table 1.1 Enzymes related to food quality (from Svensson 
[1]). 
is worthwhile mentioning, that particularly at the initial 
stage of the drying process, the conditions prevailing may be 
favourable for microbial growth and enzymatic reactions, due 
to high moisture contents and moderate temperatures. 
Similar problems, although of opposite character, are 
encountered in the production of enzyme granulates (marumes) 
for application in detergent powders, immobilized enzymes for 
biotechnological applications, enzyme powders for pharmaceut-
ical purposes and dried micro organisms, of which spray dried 
yeast is a prominent example. Evidently, thermal destruction 
of enzymes or micro organisms is not wanted here and process 
conditions have to be adjusted corresponding to the require-
ment of minimizing losses of enzyme or microbial activity. 
A prerequisite for optimum control, is a fundamental 
knowledge of the process. In particular, a quantitative ap-
proach is indispensable in studying processes of high complex-
ity. The application of mathematical models and simulation 
techniques facilitate the interpretation of process data and 
may lead to a better understanding of the process dynamics. 
Unfortunately, the description of complex processes usually 
results in mathematical models of equivalent complexity, 
cumbersome for practical applications. In most cases it is 
however possible, to deduce a simplified model based on regu-
larities found in the behaviour of the original model. 
The scope of this thesis is the development of such a 
simplified model for drying with simultaneous enzyme inactiva-
tion. In chapter 2, a model is proposed for thermal inactiva-
tion of enzymes, where special attention is paid to the influ-
ence of moisture content. In chapter 3, a physical description 
of the drying process together with the kinetics of enzyme 
inactivation is presented. Chapter 4, representing the main 
part of this thesis, deals with the construction of approxim-
ate methods for the computation of drying times and moisture 
profiles and their application to enzyme inactivation during 
drying. Chapter 5 treats the experimental part and contains 
kinetic experiments on the thermal inactivation of soy bean 
lipoxygenase immobilized in a glucose-calciumalginate gel-
matrix together with the drying experiments. In chapter 6, 
the results from both drying experiments and corresponding 
computer simulations are compared and discussed. 
CHAPTER 2 
Thermal inactivation of enzymes. 
2.1 Introduction 
Thermal inactivation of enzymes is a process, involving 
structural changes of the enzyme molecule, leading to a loss 
of its catalytic properties. In this process, the three-dimen-
sional structure of the enzyme, maintained by noncovalent 
bonds like hydrogen bonds and salt bridges, is disrupted. The 
immensely complex nature of the inactivation process makes it 
virtually impossible to give a complete reaction mechanism. 
This is the reason why one usually considers only the overall 
reaction, but even then, a multitude of secondary factors in-
cluding influences of pH, ion strength and interactions be-
tween the enzyme and other compounds, may lead to complex de-
scriptions. Furthermore, these secondary factors complicate 
the comparison between experimental data from different sour-
ces. 
Although thermal inactivation of enzymes has been a re-
search topic for many years, only little attention has been 
paid to inactivation in systems at low or intermediate moist-
ure contents. The majority of the studies in this field con-
cerns inactivation experiments in diluted aqueous systems. 
Still, the knowledge of the thermostability of enzymes at 
varying moisture contents is essential for drying enzyme con-
taining materials as foods for instance. In spite of the im-
portance of the role of enzymes in relation to food quality, 
there is still a clear lack of physical or physico-chemical 
models, describing the moisture dependence of thermal enzyme 
inactivation. Our major concern will therefore be the formu-
lation of a model of acceptable accuracy for engineering ap-
plications. 
2.2 Thermodynamics of enzyme inactivation. 
The thermodynamics of enzyme inactivation is usually 
described according to either Eyring's or Arrhenius' theory, 
both providing a relation for the temperature dependence of 
the inactivation rate. These relations are satisfactory as 
far as the description of enzyme inactivation in highly dilu-
ted solutions is concerned. At lower moisture contents how-
ever, an extension might be necessary in order to account for 
the effect of moisture content on the inactivation rate. In 
this section we will treat concisely the theories of Eyring 
and Arrhenius. Next we will introduce the moisture dependence 
of the inactivation rate, for which an appropriate relation 
will be postulated. Finally, this relation will be analyzed 
in order to describe its functional behaviour in terms of en-
zyme stability. 
2.2.1 Eyring's theory of rate processes. 
According to Eyring's theory of rate processes, applied 
to thermal denaturation of proteins and the inactivation of 
enzymes, the specific inactivation rate k may be expressed 
by: 
—23 —34 
where k =1.38 10 (Boltzmann's constant) and h =6.62 10 
(Planck's constant). The change in free enthalpy AG satisfies 
the thermodynamic relation: 
AG = Aff - TtS (2.2) 
which, s u b s t i t u t e d in eqn . (2 .1 ) y i e l d s : 
7 ,keh. _ Aff ^ AS .„ „, 
W T B ^ =-RT + ~R ( 2 ' 3 ) 
The change in enthalpy A# or heat of activation and the 
change in entropy AS can be derived from the plot of the left 
hand term of eqn.(2.3) against 1/T, which for inactivation of 
enzymes usually results in high values of A#, indicating a 
strongly endothermic reaction. This high heat of activation 
is however compensated to a great extent by a simultaneous 
increase of entropy, resulting in moderate values for the 
free enthalpy [ 3 ]. An attempt to explain these high entro-
pies of activation is the concept of salt bridges being bro-
ken as a result of heating, causing a loosening of the pro-
tein structure [ 3 ]. 
2.2.2 Arrhenius ' theory. 
Arrhenius' theory of reaction rates may be considered as 
the ancestor of Eyring's theory and was originally proposed 
in order to describe the temperature dependence of the rate 
of inversion of sucrose. Applied to enzyme inactivation, the 
familiar Arrhenius equation reads: 
E 
Ink = - -£+ Ink (2.4) 
e RT e,m 
where E represents the energy of activation and k is 
usually designated as the "frequency factor". If the tempera-
ture range is not too large, E and k
 —
 are approximately 





ars that both E and k ^ are in fact temperature de-
E = &H + RT (2.5) 
a 
and: 
Ink = ln& + T | - 1 (2.6) 
Both theories have been succesfully applied in fitting expe-
rimental data on enzyme inactivation, but in view of the 
above-mentioned temperature dependence of activation energy 
and frequency factor, it would be more correct to apply 
Eyring's theory rather than Arrhenius1 theory. Another advan-
tage of Eyring's theory is avoiding the concept of the fre-
quency factor, which merely has a mathematical significance. 
On the other hand, Eyring's theory does not provide any in-
formation about the inactivation process on a molecular level 
as the thermodynamic quantities are referring to the overall 
process. Consequently, the interpretation of these quantities 
must be done with reservation. 
2.2.3 Moisture dependence of the specific inactivation rate. 
In addition to Eyring's theory we introduce the concept 
of a moisture dependent inactivation rate by assuming enthal-
py and entropy changes to be functions of moisture content: 
Aff = Aff,+ fAff0- &HX )exp(-~-) (2.7) 
m 
and: 
AS = AS, + fAS0 - AS, yexp(j~L) (2.8) 
m 
with u representing the moisture content on total basis. The 
indices
 0 and i are referring to the limiting cases of m =0 
(complete dryness) and o> -1 (pure water), whereas p and q are 
positive constants. It may be easily verified that these 
functional relationships satisfy the conditions for the above-
mentioned limiting cases. If in addition we assume that for 
enzyme inactivation, Aff„<Aff, and AS^AS, , Aff and AS will be 
monotonously increasing functions of moisture content, show-
ing an asymptotic behaviour in the limit i» =1. As for the 
plausibility of the above-mentioned assumption regarding the 
behaviour of Aff and AS, we may argue as follows. In a solu-
tion, breaking of the first salt bridges may be followed by 
spontaneous breaking of many other bonds, which will finally 
be the major contribution to the heat of activation and in-
crease of entropy. At increasing moisture contents it may 
also be expected that finally the influence of moisture con-
tent will disappear and Aff and AS will approach their limit-
ing values asymptotically. At lower moisture contents however, 
we may expect that this "chain effect" of spontaneous break-
ing of bonds will be considerably less than in a solution, 
due to a more restricted configuration of the enzyme and con-
sequently both heat of activation and increase of entropy 
will be less. 
Substitution of eqns.(2.7) and (2.8) in eqn.(2.3) leads to: 
Ln(
 kTJ RT R RT exptl-u ' R exp{ 1-u ' 
m m 
(2.9) 
Eqn.(2.9) was applied in fitting experimental data on thermal 
inactivation of soy bean lipoxygenase, immobilized in a gluc-
ose calciumalginate gelmatrix (this thesis). A similar ap-
proach, based on Arrhenius' theory has been adopted by Saguy 
et al.[4 ] for ascorbic acid degradation and by Luyben and 
Liou [5 ] for fitting experimental data on inactivation of 
catalase, lipase and alkaline phosphatase. 
In order to comprehend the functional behaviour of the 
postulated relation for the moisture dependence of the inact-
ivation rate, we shall start by analyzing its properties. For 
ease of notation we first writer 
k h 
K = Inf—^l (2.10) 
The moisture dependence of K and In k at a given temperature 
are similar, differing only a constant factor ln(h/kT). 
Therefore, the analysis on the functional behaviour of K will 
also apply to In k . 
If the first derivative of K with respect to u equals zero, 
the function K, depending on the sign of the second deriva-
10 
tive, possesses a minimum (positive sign) or a maximum (nega-
tive sign), whereas in case of a zero second derivative, the 
function K has a point of inflection. The first and second 
derivatives of K with respect to <o are: 
* m 
3(0 (2-0) ; * / P iff e XP (2-<o ^ q R eXptl-m U {2'11} 
m m m m 
and: 
32K 1 ,
 2 Aff,-A#0 , ' * % , 2 ASt-ASo / " ^ w , 7 , 
as* = T I ^ T T ^ —OT~learPr2^r; "* — ir-LexP (i=s- )} + 
777 777 B7, OT 
.2 3X_ 
1-di 3d) 




= _i_ ln ?<">-">> (2.13) 1-ia p-q qTftSx-ASt) 
with the corresponding functional value: 
-Z2. _£_ 
X
 RT R lp q'lV RT J Lq R J {Z'1A) 
and the second d e r i v a t i v e : 
-ISL -£_ 
3^ ? H 7 ' P RT J Lq R J ^ , i t 5 j 
As Aff and AS are assumed to be monotonously increasing func-
tions of moisture content, we may derive from eqn.(2.15) that: 
| ^ > 0 . if p > q and w^ / 1, (2.16) 
m 
11 
indicating, that a minimum will occur, if p>q and a maximum 
if p<q. 
The extremum may be located in the region 0<u <1. The parti-
cular case of an extremum at u =0 occurs if: 
m 
whereas at <* =1 both first and second derivatives are zero, 
m 
implying a horizontal inflection point. 
For the existence of an inflection point at an interme-
diate moisture content, a zero second derivative is required. 
According to eqns.(2.11) and (2.12), this condition leads to 
the implicit relation, determining the location of the in-
flection point: 
2(l-a ) - q (p-q)Z . . 
2(1-* ) - p eXP[-J=Z ] - qT(Ls\-H3j (2'18) 
In the foregoing analysis, we have already considered some 
of the properties at u =0 and <D =1. In addition we may derive 
m m 
from eqn.(2.9), that: 
which indicates, that thermostability in the above-mentioned 
limiting cases, relative to each other depends on temperature, 
with a point of inversion at a specified temperature 2"i. 
We will conclude our analysis by investigating the spe-
cific case of p=q for which the function K simplifies into a 
monotonously decreasing or increasing function: 
12 
* RT R L RT R JeXp{l-m ' Kd.^>) 
m 
and correspondingly, the first derivative becomes: 
m m m 
Hence, the function K will be monotonously decreasing with 
moisture content in case of a negative first derivative and 
monotonously increasing in case of a positive first deriva-
tive. Consequently, this leads to the condition: 
1° V T>< %=& (=**> (2.22) 
m 
which evidently is in agreement with our previous result of 
condition (2.19). The point of inversion, occurring at a 
temperature Tx corresponds with the particular situation in 
which the function K is no longer dependent on moisture con-
tent: 
* = - * • * * • • < 2 - 2 3 > 
This analysis has shown, that in principle we may distinguish 
three categories of different behaviour, regarding thermo-
stability of the enzyme: 
1) p<q, showing a minimum stability at an intermediate moist-
ure content and a maximum stability at either <o =0 or at 
m 
m =1, depending on temperature. In the specific case of 
T=Tt, the thermostability at w =0 and <o =1 will be equal. 




Fig. 2.1 Various possibilities for the moisture dependence 
of the specific inactivation rate k in different temperature 
regions. 
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2) V>cli showing a maximum stability at an intermediate moist-
ure content and a minimum stability at either o> =0 or at 
m 
(o =1 depending on temperature. 
3) p-<7, showing a monotonously decreasing, increasing or con-
stant behaviour, depending on temperature. 
In fig. 2.1 the various possibilities of functional be-
haviour for the specific inactivation rate k are shown sche-
e 
matically. As indicated in the foregoing analysis, enzyme 
thermostability below a temperature Tx is higher in solution 
than in the dry state, whereas above a temperature Tx the re-
verse situation occurs* 
An interesting consequence of this behaviour is, that drying 
an enzyme containing system below a temperature 2*1 will ex-
hibit an overall increasing inactivation rate, whereas above 
a temperature 2\ the reverse effect will occur. Furthermore, 
depending on the category, to which the enzyme belongs, the 
enzyme may pass through a point of optimum stability, which 
may be a minimum or a maximum, during the drying process. 
The influence of moisture content on the inactivation 
rate also follows from more general considerations with re-
gard to Arrhenius' or Eyring's theory. As is usually observed, 
Arrhenius or Eyring plots for different moisture contents, 
exhibit different slopes, corresponding to differences in 
activation energies or enthalpies. If we restrict ourselves 
to Eyring plots, this behaviour implies that the different 
K lines intersect. Evidently, the thermostability behaviour 
on Both sides of an intersection point will be opposite, 
which is shown schematically in fig. 2.2, representing an 
15 
Fig. 2.2 Eyring plots for three different moisture contents. 
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Eyring plot for three different moisture contents: 
u
 7<(o „<o) _, in case of increasing slopes with decreasing 
moisture contents. This phenomenon of increasing slopes with 
decreasing moisture contents is in agreement with experimen-
tal data on thermal inactivation of alkaline phosphatase in 
skim milk [6 ] and of soy bean lipoxygenase in a glucose 
calciumalginate gel (this thesis). Within the interval: 
T <T<T,, the K line for u „ may intersect the other two 
a b m,2 
lines in three different ways, leading to a minimum in case 1, 
a maximum in case 2 and a monotonously decreasing, increasing 
or constant behaviour in case 3, if K is plotted as a func-
tion of moisture content. These are precisely the possibili-
ties, which were already established in the foregoing analy-
sis. It may be easily verified, that a similar behaviour will 
occur in case of decreasing slopes with decreasing moisture 
contents. This behaviour is apparently in contradiction to 
the widely spread opinion, that the thermostability of en-
zymes is increased at decreasing moisture contents. 
Rothe [ 7- 9] investigated the thermal inactivation of the 
enzymes: lipase, acetylesterase, peroxydase and lipoxygenase 
from cereals and found a significantly increasing resistance 
to heat treatment at decreasing moisture contents. 
Farkas and Goldblith [10] found in their studies on the kine-
tics of thermal inactivation of soy bean lipoxygenase, that 
the presence of 20% pea solids increased thermostability by a 
factor 6 to 10. Similar observations were reported by Svensson 
and Eriksson [11] with regard to thermal inactivation of pea 
lipoxygenase in pea press juice, containig 10% sucrose, 0.1% 
glucose, soluble starch and pectin and proteins in a concen-
tration of 10 mg/ml. An increase in thermostability of cata-
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lase in the presence of mono- and disaccharides was reported 
by Kiermeyer and Koberlein [12]. Also the data of Verhey [13] 
on the thermal inactivation of alkaline phosphatase in skim 
milk powder indicated that high solids concentrations have 
a protective influence on the enzyme against heat treatment. 
The above mentioned observations demonstrate that decreasing 
of moisture content or increasing of solids concentration, 
has undoubtedly an increasing effect on thermostability. 
However, when thermostability varies with moisture content, 
this implies that according to Eyring's theory, the corres-
ponding K lines will intersect and necessarily, inversion in 
thermostability behaviour will occur. On the other hand, it 
will entirely depend on the temperature range of the inact-
ivation experiments whether thermostability inversion will be 
observed or not. That increasing solids concentration does 
not always correspond with increased thermostability is 
demonstrated by the studies of Hillier et al.[l4] on the 
influence of total solids on thermal denaturation of a-lactal-
bumin and 6-lactoglobulin in cheese whey. Their results indi-
cated that increasing total solids in the range 3.6-21.5% in-
creased the thermostability of B-lactoglobulin, but decreased 
the thermostability of a-lactalbumin. Moreover, in storage 
experiments with peroxydase on high polymer carriers, Roozen 
and Pilnik [15] found minima as well as maxima in enzyme sta-
bility at intermediate moisture contents, depending on the 
enzyme-carrier combination. This tendency towards an optimum 
stability was also observed by Kulys et al.[16]. Their in-
vestigations on the thermostability of glucose oxydase, en-
trapped in high concentration 2-hydroxyethyl methacrylate 
(HEMA) gels, demonstrated a definite increase in thermostabi-
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lity at gelconcentrations higher than 29%, arriving at a 
maximum thermostability at a gelconcentration of about 80%. 
With this brief survey we have tried to show that enzyme sys-
tems may indeed exhibit those characteristics with regard to 
thermostability as resulted from our previous analysis. It 
should however be mentioned that the postulated model does 
not involve the influence of secondary factors like pH, and 
therefore applies only to systems, which may differ in moist-
ure content and temperature, but must have the same pH, ion 
strength etc. 
Although this model for enzyme inactivation lacks a mole-
cular basis, as far as the moisture dependence is concerned, 
it may be quite useful in setting up a catalogue of thermo-
stability behaviour of different enzymes. 
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CHAPTER 3 
Mathematical description of the model fov enzyme inactivation 
during drying. 
3.1 Introduotion. 
In the vast literature on mathematical models for drying, 
only a few publications have dealt with the problem of simul-
taneous heat and mass transfer with variable physical proper-
ties in detail. A survey on different model concepts has been 
given recently by Fortes et al.[17], together with their own 
contributions in this field. Fortes et al.[17] proposed a 
general set of equations, incorporating most of the existing 
models, describing heat and mass transfer in porous media by 
combining the mechanistic approaches of liquid and vapour 
diffusion, liquid movement by capillarity and vaporization-
condensation together with the concepts of irreversible ther-
modynamics. In their approach, flux relations for liquid, va-
pour and heat transfer are derived from irreversible thermo-
dynamics by assuming local equilibrium and by considering the 
porous medium as a continuum and isotropic. The phenomeno-
logical coefficients in these relations are obtainded from 
flux relations, having their origin in mechanistic approaches. 
The authors have applied their model to describe non-isother-
mal drying of corn kernels [18] and found good agreement be-
tween predicted and experimental values. One may however 
question whether such an approach should be adopted, because 
of the large complexity of the resulting model, despite of 
important assumptions regarding the physical state of the 
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medium. Other authors [19-20] have applied the method of spa-
tial averaging in order to derive a macroscopic form of Fick's 
law for unsteady diffusion. This approach however, also re-
quires many assumptions in order to obtain the desired form. 
For liquid food systems, Kerkhof [21], Schoeber [22] and Van 
der Lijn [23] have developed a mathematical model, based on 
a macroscopic form of the diffusion equation, where all pos-
sible contributions to internal moisture transfer are lumped 
into an effective diffusion coefficient. This model, which 
also includes the effect of shrinkage, has been succesfully 
applied to the prediction of aroma retention during drying of 
carbohydrate solutions and the evaluation of concentration and 
temperature dependences of the effective diffusion coefficient 
[21-25]. Furthermore, the model has been applied in studies 
on enzyme inactivation during spray-drying [26-27], 
The model for enzyme inactivation during drying is basically 
composed of the diffusion equation for binary systems, the 
heat balance and a part, describing enzyme inactivation kine-
tics. -The thermodynamic equilibrium condition at the interface 
is given by the sorption isotherm, whereas variable physical 
properties of the medium like the moisture and temperature 
dependence of the diffusion coefficient are also included. In 
the following sections, the model equations for mass transfer, 
heat transfer and enzyme inactivation kinetics will be pre-
sented and transformed into appropriate coordinates in order 
to deal with the effect of shrinkage. At the end of this chap-
ter, the complete model is given in a block diagram, inter-
relating the various model components. 
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3.2 Mass balance of the dispersed phase. 
3.2.1 The continuity equations for binary diffusion. 
Consider the binary system, consisting of a migrating compo-
nent m and a solid component s. In case of binary diffusion, 
the mass fluxes relative to stationary coordinates are given 
by: 
n = v o (3.1) 
m m m 
and: 
ns = VSPS (3.2) 
where p and p are the mass concentrations and v and u the 
m s m s 
velocities of components m and s respectively. According to 
Fick's first law of binary diffusion, we may write [28]: 
n = (n + n )a - DpVw (3.3) 
m m s m m 
where u (=p /o) represents the mass fraction of component m m m 
on total basis, p the total mass concentration and D the dif-
fusion coefficient. The continuity equations for components m 






ir = - v ' n s (3-5) 
Eqns.(3.1-3.5) are the basic equations, from which all other 
formulations of the diffusion equation with respect to diffe-
rent coordinate systems may be derived. 
First we rewrite eqn.(3.3): 
n = n (•)' - Op Vo)' (3.6) 
m s m s m 
with w' (-p./p ) representing the mass fraction of component 
m m s 
m on component s basis. If we define the mass flux J rela-
tive to the velocity of component s, by: 
j 8 = p (v - v ) = n - n u' (3.7) 
m m m 8 m s m 
then substitution in eqn.(3.6) gives: 
/ = -DP?*' (3.8) 
m s m 
As for a binary system: 
m 8 
where d and d denote the partial densities of components m 
and s, it follows that the mass concentration p is related 
s 
to the mass fraction u' by: 
-
 =
 T + d~ (3-10) 
8 8 m 
Substitution in eqn.(3.8) gives: 
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d d 
3 s = -or, " * ,;vuif (3.11) 
"m d + a <o' m 
m s m 
which expresses the mass flux j in terms of the mass fraction 
10' only. Furtermore we may write: 
3 u ' p 3p p 3p 
21 - ( m) - JL TL JUL £.
 f , , , ) 
U " 3t p ; " p 3t p* 3t ^ . - L ^ ; 
s s s 
which, after substitution of eqns.(3.4) and (3.5) turns into: 
3d) 
p - ^ = -V»n + u' V n (3.13) 
s 3* m m s 
As, according to eqn.(3.7): 
VV/* - '*" - <*' v*" " « *V(,)' (3.14) 
m m m s s m 
eqn.(3.13) becomes: 
3(0' 
— - + y .VUJ' = - — V j S = — 7-rZ>p Vu'; (3.15) 3t s m p m p s m 
s s 
where p may again be eliminated by applying eqn.(3.10). 
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Eqn.(3.15) is a convenient formulation of the diffusion equa-
tion for shrinking systems, as will be shown later. For non-
shrinking systems, a simpler formulation may however be ob-
.v tained. Let the mass flux 3 i 
m 
velocity v be defined as [28]: 
relative to the volume averaged 
3 = p (v -v) = n - p y (3.16) 







rr, TT + u» T" (3.17) 








From eqns.(3.7) and (3.18) then follows: 
< = r £ (3-19) 




/ = -DVp (3.21) 
Since for non-shrinking systems the volume averaged velocity 
u is zero, according to eqn. 
which turns eqn.(3.21) into: 
, , .v 
v (3.16) j will be equal to n , 
n = -Z?Vp (3.22) 
m m 




which represents the simplified formulation of the diffusion 
equation for non-shrinking systems. 
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3.2. 2 Dimensionless forms of the diffusion equation. 
3.2.2.1 Non-shrinking slabs, cylinders and spheres. 
For non-shrinking systems, the diffusion equation may be 
presented in fixed space coordinates. The one-dimensional dif-
fusion equation for infinite slabs of finite thickness, infi-
nitely long cylinders and spheres, according to eqn.(3.23) 
reads: 
3p 3p 
It v^(Drlr-) (3'24) 
r 
which transforms into the dimensionless form: 
T; = T>V^ (3-25) 
in which the dimensionless concentration m is defined as: 
Pm 
m = - S — (3.26) 
m,o 
with p the initial mass concentration of component m. 
m,o 
The dimensionless time T is defined as: 
D t 
T = •£- (3.27) 
where D represents a reference value of the diffusion coef-
ficient and R, the radius or half-thickness of the system. 




The dimensionless space coordinate • is defined as: 
v+I 
0 = (-§-) (3.29) 
Rd 
with r the fixed space coordinate and v a geometry parameter, 
having the values 0,1 and 2 for slab, cylinder and sphere 
respectively. In fact, the space coordinate • represents the 
volume ratio of the regions [0,v) and [0,RJ. The dimension-
less geometry variable X is defined as: 
v 
X=(v+l)(-£-) = (\>+l)^+1 (3.30) 
Rd 
which represents the surface ratio of the above-mentioned re-
gions times the factor (v+1). The mass flux n for slab, cyl-
inder and sphere becomes in case of one-dimensional diffusion, 
according to eqn.(3.22): 
3p 
n = -D ^ (3.31) 
m or 
or, expressed in dimensionless variables: 
F
 = mr—nm = ~
DJ 5 < 3 - 3 2 ) 
Dp m i* «• 
o m,o 
where F represents a dimensionless flux-parameter, which is 
directly proportional to the mass flux n . 
3.2.2.2 Shrinking slabs, cylinders and spheres. 
When shrinkage occurs during desorption, the phase boun-
dary will no longer remain at a fixed position in space. 
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This complication of a moving phase boundary is however avoid-
ed by transforming the diffusion equation into reference com-
ponent mass centered coordinates [23], which may be considered 
as shrinking coordinates, following the movement of an arbi-
trary reference component. In case of one-dimensional diffu-
sion, eqn.(3.15) becomes for slab, cylinder and sphere: 
3 w ' 3(0' , 3(0' 
W + vs W = —- l*(Dpsr JT} (3'33) 
V 
which is converted into the dimensionless form, considering 
component s as the above-mentioned reference component: 
!?--Vv**-3T; (3-34) 
The dimensionless concentration m is now defined as: 
m = -p— (3.35) 
m,o 
where <n' represents the initial mass fraction of component 
m. The dimensionless time T is defined as: 
Va o 
T
 ~ dsR1'— ^ (3.36) 
8 S 
with p the initial mass concentration of component s and 
s,o 
R the radius or half-thickness of the system in case the 
s 
mass concentration of component s equals its density. This so 
called "dry solids radius" is related to the initial radius 
R of the system by: 
1 
R = rVi;V+I R (3>37) 
s a o 
s 
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which holds, if the total mass of component s is conserved 
within the system. The dimensionless diffusion coefficient D 
is defined as: 
Dv = D ^ - (3-38) 
o s,o 
The dimensionless space coordinate $ reads: 
p d 
v v $ = f p r d r / f p r d r = 
s s 
o o 
v+1 T. V , 
for dr nv+l s 0 R o 
s,o o 
v
 / p rv dp (3.39) 









 O P 3 
and consequently: 
R* = *J1 ' T T ^ * ^ 1 (3-41) 
a s a p 
m 8,0 
The dimensionless space coordinate <fr represents the mass ratio 
of component s between the regions iO,v) and [0,RJ . If the 
partial densities d and d do not change upon mixing, the 
Til 3 
geometry v a r i a b l e X* i s given by: 
v ^ a — r 
X* = (v+1 )(•£-) = (v+l)[ f — d<D 7 7 = 
•n P 
S O S 
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<|> u P 
= (v+l)[ 1(1 + / m'° m)d*]V+1 (3.42) 
a p 
o m s,o 
which represents the surface ratio of the regions mentioned 
above times the factor (v+1). 
By means of this transformation from r-space to i|>-space, the 
phase boundary is now fixed at the position $=1. Moreover, 
the velocity of component s in 4>-space will be zero, as may 
be derived from eqns.(3.2) and (3.5). The mass flux Q in case 
of one-dimensional diffusion becomes according to eqn.(3.8): 
4 = -Dp8 w- (3-43) 
or, expressed in dimensionless variables: 
F
* = TTT"2-! ft, = ~Dr,X* 5 <3-44> 
u p p m v 3<p 
o m,o s,o 
where F* represents a dimensionless flux parameter, similar 
to the flux parameter F for non-shrinking systems, but is now 
•3 
directly proportional to the mass flux 3 . 
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3.2.3 Initial and boundary conditions. 
In this subsection we will consider the initial and boun-
dary conditions, which accompany the diffusion equation. 
The initial condition reads: 
Pm " P» o f°r t=0 (3.45) 
m m,o 
As for the boundary conditions we will restrict ourselves to 
three different kinds, i.e. the Dirichlet, Neumann and Robin 
boundary conditions, also known as boundary conditions of the 
first, second and third kind from potential theory. Further-
more we will only consider symmetrical solutions with respect 
to the centre, central axis or central plane of sphere, cyl-
inder or slab. This symmetry condition may be expressed by: 
3p 
-^- = 0 for t>0 and r=0 (3.46) 
The Dirichlet boundary condition specifies the concentration 
at the interface of the particle (dispersed phase) and the 
continuous gas phase: 
P = P . for t>0 and r=R., (3.47) 
m m, t a 
The Neumann and Robin boundary conditions on the contrary spe-
cify the normal derivative at the interface, which is given 
by the flux relations: 
-D - ~ = nm = k*ff(pm .- pm .; for t>0 and r=R, (3.48) or m g m,g,v m3g3b " a 
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in case of non-shrinking systems, and: 
-
Dp
« TT = C = *'?T(Pm „ ,• ~ Pm „ J for t>0 and v=R, (3.49) s 3r m g m,g,v m)g,b ' a 
in case of shrinking systems, where the effective mass trans-
eff fer coefficient k JJ represents the mass transfer coefficient 
9 
corrected for Stefan diffusion [28], according to: 
~~ k 1-m , 
k*tf = 2 ln ™>9>* (3.50) 
a
 m,g,v m,g,b m,g,i 
which in case the concentration difference between phase boun-
dary and bulk of the gas phase is very small, turns into the 
limiting form: 
kf=l-kJ . (3.51) 
* m,g,v 
where the mass fractions of component m in the gas phase, 
t>  „ . (interface) and <o , (bulk) are related to the cor-
m,g,t m,g,b 
responding mass concentrations p • and P , byr 
m,g,z m,g,b 
\,g = d +P "m(iU /d ;•• (3-52) 
'* a,g m,g a,g m,g 
with <f „ and d „ the partial densities of the gaseous com-
a,g m,g * s 
ponent a (air) and component m (moisture) respectively. Accor-
ding to the ideal gas law, these densities may be related to 
pressure P and temperature T by: 
d




d = M •== (3.54) 
m,g m RT w»-w 
with M the molecular weight. 
In case of thermodynamic equilibrium at the phase boundary, 
the interfacial concentrations in both phases are related by 
the sorption isotherm, which is given by the general function: 
a , = a /w' ., T.) (3.55) 
where the wateractivity a is defined as: 
a = p . / p8at . (3.56) 
w m,g,v m,g,t 
sat 
with p • denoting the saturated water vapour concentration, 
which is a function of the interfacial temperature T. (see 
also appendix B): 
sat _ sat /mi ,_ _„> p . = p AT.) (3.57) 
m,g,v m,g,v v 
It should be mentioned that the mass transfer coefficient may 
also be affected by shrinkage, but as Kerkhof [26] showed, 
this effect is only of minor importance. The mass transfer 
coefficient will however depend on the prevailing flow con-
ditions around the system. In table 3.1 some empirical cor-
relations are presented for mass transfer in forced convection 
around submerged objects of different geometries [28-30]. 
The Neumann and Robin boundary conditions express the depen-
dence of the internal mass flux on external mass transfer, 
which is absent in the Dirichlet boundary condition. The dif-
ference between the Neumann and Robin boundary conditions re-
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Flow conditions Gas phase mass transfer 
correlations. (Sc>o.6 ) 
Flow parallel 
to slab over 
length L. 
ShQ = JiaJr = 0.332 Re1'2 Sc1/3 
(Re<3*105 ) 





to axis of 
long cylinder 
with radius R 
and length L. 





(Re < 2300 ) 




cular to axis of 
long cylinder 
with radius R 
•2R 
Shg = iSaiR






Shg = !Sa2R= 2 + 0.552 Re0 53Sc1'3 
(1<Re<4.8x104) 
Table 3.1 
Empirical correlations for mass transfer in forced 
convection around submerged objects of different 
geometries. 
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gards the interfacial concentration p . which in case of a 
m,g,v 
Neumann boundary condition remains constant, but varies in 
case of a Robin boundary condition. As the latter situation 
is less restrictive, the application of the Robin boundary 
condition throughout the desorption process is to be preferred. 
However, in the initial stage of the desorption process, in 
case internal diffusion is not yet rate limiting and the de-
sorption rate is mainly controlled by external mass transfer, 
a constant wateractivity will be maintained at the phase boun-
dary on the gas phase side. Under constant flow conditions 
and constant temperature, the Sherwood number for gas phase 
mass transfer at the interface, Sh will remain constant. If 
in addition the water vapour concentration in the bulk of the 
gas phase, p
 h remains constant, this will result in a con-
stant flux for slabs, non-shrinking cylinders or spheres and 
a constant value of the product j .R-, for shrinking cylinders 
or spheres. These specific circumstances allow the application 
of the Neumann boundary condition. On the other hand, if the 
desorption rate is mainly controlled by internal diffusion, 
then the internal moisture content at the interface will be 
virtually constant and consequently the Dirichlet boundary 
condition applies. Finally, the initial and boundary conditi-
ons, expressed in dimensionless variables become: 
The initial condition: 
m - 1 for x = 0 (3.58) 
The boundary condition at the centre (<fr=0): 
Xj£=0 (3.59) 
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for non-shrinking systems, or: 
X*j±=0 (3.60) 
for shrinking systems. 
The Dirichlet boundary condition at the interface (<t>=l): 
m - m. (3.61) 
The Neumann and Robin boundary conditions at the interface: 
~(DX |£; = F (3.62) 
for non-shrinking systems, or: 
-(DX*%-) = F* (3.63) 
for shrinking systems. 
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3.3 Heat balance of the dispersed phase. 
In setting up the heat balance for the drying species 













Typical values of thermal and moisture diffusivities. 
A comparison between typical values of thermal and moisture 
diffusivities {table 3.2) referring to air drying of foods, 
shows that: 
- Resistance to mass transfer is mainly situated in the dis-
persed phase. 
- Resistance to heat transfer is mainly situated in the dis-
persed phase. 
- Heat and mass diffusion in the gas phase are of the same 
order of magnitude. 
- Heat diffusion in the dispersed phase is much faster than 
mass diffusion. 
As on a time scale of mass diffusion, temperature gradients 
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will vanish relatively fast, we may therefore assume that the 
temperature profile in the dispersed phase is approximately 
uniform. Consequently the heat balance is expressed by: 
dT 
~eA~o j -ar- = ^^e/f(Th- V " & S*H] o.64) 
a p,a at R-. g b a m,v vap 
where P,, a , and T, represent the average density, heat ca-
pacity and temperature of the drying species; a •'•' is the gas 
phase heat transfer coefficient, corrected for mass transfer; 
T, is the temperature in the bulk of the gas phase and &B 
the heat of vaporization. With the aid of eqns.(3.9) and 
(3.10), the average density P, may be expressed in terms of 
the dimensionless concentration m, yielding: 
d d 




 'vJ1- -T-} ~ d „ + pr„ ^(1~ -T-} (3.65) 
a m s s m a s m,o d 
m m 
for non-shrinking systems, or: 
(3.66) 
for shrinking systems. 
If we assume, that the average heat capacity a •, is a func-
tion of the average moisture content and temperature (see 
also appendix B), we may write: 
%d = \,fm> V (3-67) 
According to Bird et al.[28], the heat transfer coefficient 
eff 






1/d + Z'/d 
s mm 
1+ o ' m 
m,o 
1/d + » ' m/d 
s m,o m 
o (1- 1) for y<0.1 
*
eJf = { (3.68) 
9
 J-1 







and a is the heat capacity of water vapour. The uncor-
P,m,g 
rected heat transfer coefficient a follows from the Chilton-
9 
Colburn analogy between heat and mass transfer: 
a = k (d a ) l / * f_*i£//3 (3.70) 
9 9 a>9 P>a>9 5 
9 
For the water vapour diffusivity D , the density d , the 
9 a>9 
heat capacity a and the thermal conductivity X of air, 
p,a,g J a,g 
the average values between interface and bulk of the gas phase 
are taken. Moreover, water vapour diffusivity, thermal conduc-
tivity and heat of vaporization are assumed to be temperature 
dependent (see also appendix B): 
D = D (T) (3.71) 
9 9 
and: 
\ = X (T) (3.72) 
a,g a,g 
and: 
tE = tS (T) (3.73) 
vap vap 
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3.4 Kinetics of enzyme inactivation. 
Thermal inactivation of enzymes may in many cases be de-
scribed by first order kinetics with a reaction rate propor-
tional to the concentration of the active enzyme, p : 
r = -k p (3.74) 
e e e 
where the specific inactivation rate k is a function of 
e 
moisture content and temperature (see chapter 2). The con-




which i s equ iva len t t o : 
Ps if + V V w e = ~V'4 + Ve (3'76) 
If we assume, that the velocities of enzyme and component s 
•3 
are equal, then the mass flux 3 relative to velocity V will 
e s 
be zero. Transforming eqn.(3.76) into reference component mass 
centered coordinates then leads to: 
3w' 
p
„ TT- " r» (3'77) 
S at e 
or: 
3w' 
-_£ = -fc »' = r' (3.78) 
at e e e 
which yields after integration: 
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<!>' t 
—,— = exp (- f k dt) (3.79) 
e,o o 
or, in terms of the dimensionless time variable T: 
T J. 
-£— = [exp (- f k d*)fo (3.80) 
e,o o 
for non-shrinking systems, or: 
d*R* 
, s s U' T g 
•^r— = [exp (- I kgdx)fop8,o (3.81) 
e,o o 
for shrinking systems. 
A block diagram of the complete model for enzyme inacti-
vation during drying is presented in fig. 3.1. It should be 
mentioned that the effective mass transfer coefficient is 
assumed to be known here. In case the mass transfer coeffi-
cient is unknown and for instance has to be evaluated from 
the Sherwood correlations as given in table 3.1, the diagram 
changes correspondingly. The model has been used for compu-
ter simulations of lipoxygenase inactivation during drying of 
which the results are given in chapter 6, where they are com-
pared with experimental inactivation data. Furthermore, the 
model has been used for the development of an approximate 
method, involving a simplified computational procedure for 
the nonlinear diffusion equation, which will be treated in 
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An approximate method for the nonlinear diffusion problem. 
4.1 Introduotion. 
The usual approach for solving nonlinear diffusion 
problems is the application of numerical techniques, which 
as a rule are only suitable for high-speed large-memory com-
puters and require the necessary programming skill. In prac-
tice it would therefore be convenient when approximate 
methods, based on straightforward computational procedures 
are available for this class of problems in order to avoid 
time consuming programming and computing. 
This chapter is concerned with the construction of such a 
computational procedure for desorption in non-shrinking or 
shrinking slabs, cylinders and spheres, which does not in-
volve numerical techniques to solve the nonlinear partial 
differential equation, describing the diffusion process. Al-
though the method developed here, is restricted to diffusion 
coefficients, which are power functions of concentration, 
this specific case is one of considerable interest for non-
linear diffusion in porous media, a topic, which has recei-
ved much of attention in mathematical analysis in the last 
two decades, due to its importance in oil engineering and 
hydrology [31-37], Other fields of possible applications are 
diffusion of vapours in high-polymer substances [38], drying 
of porous materials [39-41] and spray drying [21-27]. Fur-
thermore, the approximate method is restricted to desorption 
with a uniform initial concentration profile and a constant 
surface concentration (Dirichlet boundary condition). 
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Other approximate methods were reported by Suzuki et al.[39], 
who developed a model for low-intensity drying of slabs, 
based on the assumption of a pseudo steady state, and by 
Schoeber [22.42], who introduced a general method for a 
short-cut calculation of the mass flux in nonlinear diffu-
sion problems. The basic concept of Schoeber's method is the 
combination of the "short time solution", usually referred 
to as the penetration period, and the "large time solution", 
referred to as the regular regime. The same concept of com-
bining these two limiting solutions served as a basis for 
this study, although the transition between the two solu-
tions, as well as the effect of shrinkage were approached in 
a different way. An analysis of the numerical solution of 
the diffusion equation for the specific case mentioned above 
resulted in a simplified model based on approximate rela-
tions, which will be established in section 4.2. This model 
allows the computation of mass flux and desorption time by 
following a procedure, merely consisting of a sequence of 
straightforward calculations. However, this approximate 
method does not involve the computation of concentration 
profiles, which may be needed for specific applications as 
enzyme inactivation during drying, where the reaction rate 
is dependent on the local concentration. In case of a con-
centration dependent diffusion coefficient of the type: 
D = m , it was found that accurate approximations for the 
concentration profiles could be constructed by applying 
existing analytical solutions for the limiting cases: a=0 
(constant diffusion coefficient) and a+<«> . These approxima-
tions, again involve short and large time behaviour of the 
solutions and are treated in section 4.3. In addition an 
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appropriate transition criterion is formulated in order to 
link both limits. It has already been mentioned that the 
present method is only valid in case of a Dirichlet boundary 
condition, corresponding to the situation in which external 
mass transfer;- is not rate limiting. This situation may occur 
in high-intensity drying when the surface concentration 
rapidly decreases to a constant value. For other drying con-
ditions, however, when resistance to mass transfer is gradu-
ally shifting from external to internal, application of the 
Robin boundary condition is to be preferred (see section 
3.2.3). Unfortunately, the Robin boundary condition is far 
less susceptive to analytical treatment than the Dirichlet 
or Neumann boundary conditions. For this reason, the Robin 
boundary condition is replaced by the Neumann boundary con-
dition for the initial stage and the Dirichlet boundary con-
dition for the final stage of the drying process, which cor-
responds to the usual subdivision into a constant activity 
period and a falling rate period. In section 4.4 this matter 
will be discussed in further detail. Another matter of con-
cern is drying under non-isothermal conditions, which will 
be treated in section 4.5. Application of the approximate 
method to enzyme inactivation during drying is easily reali-
zed, as drying conditions influence enzyme inactivation, but 
not inversely. 
The approximate method has been tested by solving the diffu-
sion equation numerically according to Crank-Nicolson's 
method with variable implicitness [21-23], In addition, 
another numerical technique, involving orthogonal colloca-
tion, was employed for obtaining the large time solution. 
45 
4.2 An approximate method for the computation of mass flux 
and desorption time- under Diriohlet boundary conditions. 
In this section, a method is proposed for approximate 
calculations, concerning concentration dependent diffusion 
with a power relation between diffusion coefficient and con-
centration (D = m ) . This method can be applied to a desorp-
tion process in non-shrinking as well as shrinking systems 
with slab, cylindrical or spherical geometry. The method is 
restricted to desorption, with a uniform initial concentra-
tion profile and a Dirichlet boundary condition, i.e. con-
stant surface concentration, whereas symmetry is assumed 
with respect to centre, central axis or central plane of the 
system. 
4.2.1 Non-shrinking systems. 
a 
For the nonlinear diffusion equation with D = m , no 
explicit general solution in terms of familiar analytical 
functions is known to exist. For a slab, however, a particu-
lar solution can be derived, which represents the "large 
time solution" or "regular regime solution", but is only 
applicable when the centre concentration starts to deviate 
appreciably from the initial centre concentration. This par-
ticular solution is found after separation of variables in 
the diffusion equation, followed by solution of the space 
and time dependent parts. For non-shrinking systems with 
D =m , the diffusion equation, according to eqn.(3.25) is: 
3m _ 3 /- a, ., ,* .v+1 3m
 7 , . .. 
__-_/- m rv*i;*.* . —j (4.i) 
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subject to: 
m = 1 for t = 0 and 0 < * < 1 (4.2) 
X
' I? ~ ° for i > 0 and * = 0 (4.3) 
m = 0 for x > 0 and <t> = 1 (4.4) 
Separation of variables is achieved by substituting: 




frfW.F1.%] = *.* (4-6) 
In terms of the reduced variable g , defined as: 





 r a .v+2 r 7 _ T, , . „, 
#V* ' W1 ~ ~Pa,^r (4'8) 
with: 




Substitution of m = f.g in eqn.(4.5) yields: 
, _ 1 dm , , , _, 
*• = -J- (4.10) 
„ a - ax 
f .m 
The overall mass balance follows from integration of eqn. 
(4.1) in the range $ = 0 to • = 1, resulting in: 
^L=-(»+l)F (4.11) 
Mass transfer in the dispersed phase may be characterized by 
means of an average Sherwood number. In accordance with 
Schoeber's definition [22] the average Sherwood number is 
given by: 
Sh,= — (4.12) 
a
 (m- m.)D 
^ r 
with D the concentration averaged reduced diffusion coeffi-
cient, defined as: 
1 ™ 
Dp = ^  / Dpdm (4.13) 
m — m . m . 
For a zero surface concentration m. and D =m , eqn.(4.12) 
yields: 
P _ d,a,v -a+1 iA its 
F
 ~ 2(a+V m ( 4 , 1 4 ) 
Substitution of eqn.(4.!14) in eqn. (4.11) then leads to: 
,- -(v+l)Sh, _,, 
dm <J,a,v -a+1 . . 
3 7 " 2(a+l) m . (4-15) 
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Substitution of eqn.(4.15) in eqn.(4.10) then gives: 
-(v+l)Sh, -(v+l)Sh, 
, _ a,a,v -a d,a,v -a .. ,_. X >-J- .„ = ,g (4.16) 
2(a+l)fa *[a U 
and consequently, the parameter P .according to eqn.(4.9) 
becomes: 
-a Sh, .g" 
p = — " • > - • * » i (A 171 
a,v 2(v+l)(a+l) KA'1/> 
If we assume the large time solution to be valid at time t 
when the average concentration has arrived at a value mQ, 




™~Q 2(a+l) * rT ~XQ)] a foV at° ( 4 , 1 8 ) 
The trivial case of a=0 will not be considered here. For the 
time dependent part of the particular solution we may write: 
from which follows: 
g (*) (v+l)a.Sh, - -
Mrtjx; = ^ r-Cm^ 2(a+1)d'a'v * - y ; a (4.20) 
g
r 
As an alternative, this solution may be expressed in terms 
of the efficiency E, rather than in terms of the time vari-
able T, yielding: 
m(*,E) = — (1-E) (4.21) 
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where the efficiency E is defined as: 
E = 1 - m (4.22) 
and g($) and g follow from eqn.(4.8), which is subject to 
the boundary conditions: 
v+1 dgv 
<D .-J?- = 0 and g = 1 at * = 0 (4.23) 
av v 
g = 0 at <s> = 1 (4.24) 
This nonlinear differential equation can be classified as a 
specific case of the Emden-Fowler equation, discussed exten-
sively by Fowler [43] in relation to astrophysics and more 
recently has found a renewed interest in the context of dif-
fusion with chemical reaction [44 ], where the steady state 
problem leads to a similar differential equation. An analyt-
ical solution for the case of slab geometry (v=0) is presen-
ted in appendix A, according to which the average value of 
g is expressed by: 
B(
aT2'l} 
and the parameter P
 Q by: 
p
 n = orli) (4.26) 
a,0 2(a+2) 
Substitution of eqns.(4.25) and (4.26) in eqn.(4.17) yields: 
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which gives explicitly the average Sherwood number for the 
case of slab geometry in terms of the beta function B. For 
cylinder and sphere, the Sherwood numbers were calculated 
numerically by Schoeber [22], Surprisingly, almost straight 
lines are obtained, when Sh, values are plotted against — ? , 
as is shown in fig. 4.1, suggesting an approximate linear 
relationship expressed by: 
Sh, = Sh, . + (Sh, -Sh, . )(-£*) (4.28) 
d,a,v d,0,v d,»,v d,0,v a+2 ' 
where Sh, and Sh, ^  represent the average Sherwood 
numbers for a=0 and a-*"" respectively of which the exact 
values are given in table 4.1. Introducing these values in 
eqn.(4.28), eventually results in the following expressions: 
Shd,a,0 = a+2 (slab) <4'29> 
Shd,a,l - U-566a:243'a (cylinder) (4.30) 
After substitution of these Sherwood correlations in eqn. 
(4.14), simple expressions for the flux parameter F a s a 
function of the power a and the average concentration are 
obtained. It should be observed, however, that these approx-
imations are only valid after some arbitrary time T. and are 
of no use for the initial stage of the desorption process. 
For this part of the process, an approximation, based on the 
short time solution for a slab, will be established later. 
First, an auxiliary variable G is introduced, which we shall 
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Shd 
Fig. 4.1. The Sherwood number at different values of a. 
















Limit values of the 
Sherwood number. 
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call the flux function: 
which, expressed in terms of the efficiency E becomes: 
Sh, 
G
= 2(taV(,+l)E(1-E) <4'33> 




 ~ E(l-E) 'G (4>34) 
G(n)= n-(a+2)E (_1}n+l# J"2 (a+J_k)G {^35) 
E(l-E)n k=0 
The flux function G possesses a maximum S in case of a zero 
first derivative and negative second derivative. From eqn. 
(4.34) then follows: 
ES=^2 <4-36> 
and according to eqn. (4.35): 
J2)= _ la+trG <Q ( ¥ a>o) (4.37) 
indicating, that S is indeed a maximum. Moreover, the flux 
function possesses a point of inflection Q in case of a zero 
second derivative. Consequently, according to eqn.(4.35): 
EQ=^2 (4'38) 
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Once again it is stressed that the relations given above do 
not hold for the initial stage of the desorption process. We 
continue our analysis by investigating the behaviour of the 
flux function G in the limit E +0 . The value of G for very 
short times is equal for slab, cylinder and sphere, because 
the diffusion process at this stage takes place in an infi-
nitesimally thin shell at the interface and consequently the 
influence of curvature is still negligible. Hence, we may 
write: 
Lim G . = Lim G , = Lim G . = G (4.39) 
E+0 a'° E+0 a'2 E+0 a'2 ° 
For a constant diffusion coefficient (a=0), G can be deri-
ved analytically from the short time solution for a slab 
[45], according to which the average concentration is given 
by: 
m = m -2(m - m.)(-)^ = 1- 2(-fi (4.40) 
o o % ir IT 
or, in terms of the efficiency E: 
E = 2(-fi (4.41) 
ir 
The flux parameter F follows from: 
F = - §. = I (Lf* (4.42) 
ax ir ir 
Substitution in eqn.(4.32) then results in: 
G = | (4.43) 
O IT 
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For values of a>0, the limit G cannot be evaluated in a 
similar way. However, the following relation appeared to be 
of sufficient accuracy: 
G = G
 a + (Gn - G. J2~a (4.44) 
o a,v,S 0,v,o 0,v,S 
in which Gn represents G for a=0 and G „ the parti-
cular solution of G in point S, as given by eqn.(4.33). 
G „ is also given by eqn.(4.33), which for a=0 results in: 
G0,.,S=T6 (4'45) 
Eqn.(4.44) then turns into: 
Sh, „ ,, a+1 „
 2 
where Sh, . has to be evaluated from eqn.(4.29). This 
a,a,0 
approximate relation for the flux function is nevertheless 
only valid for very short times and a gap still remains be-
tween the short and large time limits. The problem is, how 
the flux function G, starting from its short time limit G , 
merges into its large time limit, the regular regime. In or-
der to solve this transition problem, a transition point has 
to be defined, which belongs to the regular regime. It should 
be observed that the choice of such a point depends on the 
bounds of the regular regime, particularly the lower bound. 
According to the regular regime solution, the centre concen-
tration may exceed the value one, which of course is impos-
sible. The use of the regular regime solution is therefore 
restricted to the region E > E' , in which m 1 Ji 
55 
Fig. 4.2 The average reduced concentration g at 
different values of a. 
(o): numerical, (—): linear approximation. 
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Since the efficiency E may be expressed as: 
E = l-m = l - gp.mQ (4.47) 
Hence, the lower bound of the regular regime, corresponding 
to m =1, reads: 
Ef= 1 - gp (4,48) 
For a slab, g can again be evaluated analytically by apply-
ing eqn.(4.25), whereas for cylinder and sphere no relations 
are available. It appears, however, that a pseudo linear re-
—a . a 
lationship exists between g and the factor —TJ, as is shown 
in fig. 4.2. This pseudo linearity is expressed by the fol-
lowing relations for slab, cylinder and sphere respectively: 
I 




'° 2 + V%e'a V'°'° * 
*r.a.f (T^h)a t<* a>0 %,0,1= °'4318) (4"50) 
1_ 
'*'«'*""
 (2 T%3\aa f°ra>° <0,2=h^ «•»> 
For the centre concentration m in the regular regime fol-
lows, according to eqn.(4.47): 
m = — (4.52) 
9P 
This relation is shown graphically in figs. 4.3, 4.4 and 4.5, 
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Fig. 4.3 
Centre concentration m in the 
a 
regular regime as a function of 
the efficiency E for a slab at 
different values of a. 
Fig. 4.4 
Centre concentration m in the 
c 
regular regime as a function of 
the efficiency E for a cylinder 
at different values of a. 
Fig. 4.5 
Centre concentration m in the 
a 
regular regime as a function of 
the efficiency E for a sphere 
at different values of a. 
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for slab, cylinder and sphere respectively. It may be obser-
ved that these lines intersect the line ma~^< illustrating 
the bounds of the regular regime as discussed above. In 
these diagrams, also the location of the inflection point Q 
for different values of a is indicated. It may be shown 
graphically, that the condition EQ ^ E holds for v- 0,1,2 
and for all values of a > 0, which means that point Q stays 
within the bounds of the regular regime and may therefore be 
chosen as a transition point. Moreover, as follows from eqn. 
(4.38), the location of point Q in terms of the efficiency E, 
is independent of the geometry parameter v and a function of 
a only. For the transition region 0 < E 1 E the flux func-
tion G is approximated by an appropriate Taylor series expan-
sion, starting in point (0,G ) and merging into the large 
time solution. For a smooth transition in point Q, the Taylor 
series approximation must at least satisfy the conditions: 
G - Gn and G - Gn . If these are the only conditions impo-
sed on the transition, appropriate Taylor series approxima-
tions for the flux function in the transition region are: 
a) Slab: 
G = G +^-G(5)+^rG(6) (4.53) 
o o! o 6! o 
The two unknown derivatives G and G are evaluated 
o o 
with the aid of the two conditions in point Q, leading to: 
(5)_ 6! , _ _ EQ (l)j 
Go ~ Wn [GQ Go T °Q ] ( 4 ' 5 4 ) 
(6)_5!_ , J D _ E _ h JS), . . 
Go ~E% [GQ IT °o ] ( 4 ' 5 5 ) 
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where Gn and Gn have to be evaluated from eqns.(4.33), 
(4.34) and (4.38). 
b) Cylinder, sphere: 
G + E.G(1)+ %-Gi2) (4.56) 
o o 2 o 
with: 
G(J}= %-[Gn- G + £ G(nV] (4.57) 
o EJ- Q o 2 Q 
J2)_ 1 rjl) (1) j G - -p-[G -G J 4.58) 
o En Q o 
It should be mentioned that, although the choice of the 
Taylor series is arbitrary, the resulting approximation is 
valid for all values of a>0. The value of the flux parameter 
in the transition region follows from eqn.(4.32) together 
with either eqn.(4.53) or eqn.(4.56). Integration of the 
mass balance, represented by eqn.(4.11) then leads to the 
desorption time T: 
E 
T =




 *Q+Tn S FdE fovE>EQ (4.60) 
EQ 
We shall first consider the interval 0 < E < En and elabo-
- — H 
rate eqn.(4.59) for slab, cylinder and sphere by substitu-













 ifo + Jfo 
Unfortunately this integral cannot be transformed into a 
simple algebraic expression. However, a simple numerical 
evaluation of the integral by applying the trapezium rule 
for instance, already gives satisfactory results. 
b) Cylinder, sphere: 
1 E E 
T f TT-i pi /«. dE -J^TTr oG
 + E:G(1)+U(2) o o 2 o 
7 7 . G(1) <G(2).E+G(1)-Vq)(G(1)Wq) 
1
 r 1 , ,G , _£____7 i_£ Q Q , ; i^TV^ (2) GQ< G(2),q-(G(2)E+G(l J (G(1) 
o o ^ o o ^ o ^ 
with: q =.[G(o1)]2-2Go.G(o2) (4.62) 
If E=EQ eqns.(4.61) and (4.62) can be used for the calcula-
tion of t which value must be known for the determination 
of the desorption time in the region F>EQ. Substitution of F 
according to eqn.(4.14) in eqn.(4.60) then results in: 
t 2(a+l) _ [(1.E)-a_(1_E fUj {^63) 
Q (v+l)a.Sh, * 
A complete outline for the computation of the desorption 
time T is presented in fig. 4.6, which applies to desorption 
in slabs, non-shrinking cylinders and spheres with a diffu-
sion coefficient of the type D =m , a-uniform initial"con-
centration profile and a constant zero surface concentration. 
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( Stop ) 
Fig. 4.6 Computational procedure for a desorption process 
in slabs, non-shrinking cylinders or spheres. 
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4.2.2 Shrinking systems. 
When shrinkage of the system occurs during the desorp-
tion process, the mass flux has to be corrected for this 
s 
phenomenon. Because the mass flux j . in a reference compo-
nent mass centered coordinate system is directly proportio-
nal to the flux parameter F* (see chapter 3), the correction 
for shrinkage can be applied directly to F*. The mass balan-
ce for shrinking systems reads: 
in which: 
, v 








In the limit t+0, the concentration profile approaches the 
rectangular shape of the initial concentration profile for 
all values of C&.0, whereas the influence of shrinkage is 
still negligible, implying the following relation: 
. F* . F 
Lvm -?% - Lxm -=- (4.67) 
or: 
X*. d o v 
Lim F* = Lim Y^F= (1 + *' m,a)V+1.Lim F (4.68) 
x+0 i*0 i m'Ps,o t+Q 
63 
We def ine the shr inkage f a c t o r H by: 
F* 
*=y- (4.69) 
From eqn . (4 .68) then fo l lows : 
d V 
E =LimH= (1
 + /P^o}v*l 
0
 T+0 dm-Ps,o 
which represents the short time limit of the shrinkage fac-
tor H. it was found by Schoeber, that the correction for 
shrinkage in the regular regime can be described accurately 
by: 
*Sh, 




 m 1(1 + / ' nm'° .m)*+1-l] (4.72) 
and Sh, representing the average Sherwood number in case 
shrinkage is absent. The transition between the short and 
large time limits may be approached in a similar way as for 
the flux function. Starting from the short time limit H the 
shrinkage factor H is expanded in a Taylor series, contain-




o+T*o)+T*(o} fovO<E%E (4.73) 
wi th : 
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<2)=k[KQ-Eo-T-EQ)] (4'74) 
O tn Q HO 
Integration of the mass balance leads to the following ex-









T = rn + f X*.H.F dE f0P E > EQ (4'77) 
where F is the flux parameter if no shrinkage would have 
occurred and is an explicit function of the efficiency E, 
given by the relations from the preceding subsection. More-
over, X*. and H are explicit functions of E too. Hence, the 
evaluation of the integrals in eqns.(4.76) or (4.77) is 
straightforward. The computational procedure for a desorp-
tion process in a shrinking cylinder or sphere is presented 
in the flow diagram of fig. 4. 7. 
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( Stop ) 
Fig. 4. 7 Computational procedure for a desorption process 
in shrinking cylinders or spheres, 
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4.2.3 A comparison between approximate and numerical methods 
The approximate solutions, generated by following the 
procedures as indicated in the flow diagrams of figs. 4.6 and 
4.7, are shown in figs. 4.8, 4.9 and 4.10, where the flux 
function G for non-shrinking slabs, cylinders and spheres 
is plotted against the efficiency E at different values of a; 
and in figs. 4.11 and 4.12, where the flux function G* for 
shrinking cylinders and spheres is plotted against the effi-
ciency E at different values of a. The drawn lines in these 
figures represent the exact (numerical) solution, obtained by 
solving the diffusion equation with Crank-Nicolson's method. 
As can be observed, hardly any differences occur between ap-
proximate and numerical solutions. For shrinking cylinders 
and spheres, also the desorption time T was computed and plot-
ted against the efficiency E as shown in figs. 4.13 and 4.14. 
A comparison between approximate and numerical solutions once 
more shows an excellent agreement over several decades of the 
desorption time T. Eventually, an improvement in computational 
speed with a factor 1000 was obtained by applying the approx-
imate method instead of the numerical method. 
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Cy tinder 
_ _ Nu»tri(al 
R.R.MrtutJo 
o Appro* imotioi 
Fig. 4.8 
The flux function G versus the 
efficiency E for a slab at 
different values of a. 
Fig. 4.9 
The flux function G versus the 
efficiency E for a cylinder at 
different values of a. 
Fig. 4.10 
The flux function G versus the 
efficiency E for a sphere at 
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The flux function G* versus 
the efficiency E for an 
shrinking cylinder at 
different values of a. 
Fig. 4.12 
The flux function G* versus 
the efficiency E for a 
shrinking sphere at 
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Fig. 4.IS 
Desorption time T as a func-
tion of the efficiency E for 
a shrinking cylinder at dif-
ferent values of a. 
Fig. 4.14 
Desorption time T as a func-
tion of the efficiency E for 
a shrinking sphere at dif-
ferent values of a. 
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4.3.1 Approximate relations for concentration profiles. 
In section 4.2.1, we presented the analytical solution 
for large times, in case of slab geometry. The concentration 
profile may in principle be evaluated from eqns.(4.20) or 
(4.21). This solution, however, still contains the function 
g (Q), which cannot be evaluated directly from its inverse 
function $(g ) . 
r 
In order to examine the possibility of constructing ap-
proximate relations for the still unsolved cases of cylinder 
and sphere, a numerical solution of eqn.(4.8) was produced by 
means of an orthogonal collocation method [46]. An analysis 
of the numerical solution showed that the concentration pro-
file may be approximated by the simple relation: 
y = yn + (y - yn )(—TT) with y = g (4.78) 
i7a,v a0,v °<»,v a0,v a+1 aa,\> yr,a,v 
Since the limiting solutions y. and y^ are known analyt-
ical functions, the evaluation of g from eqn.(4.78) is 
r,a,v 
straightforward. Figs. 4.15, 4.16 and 4.17 show the approxim-
ations for g together with the numerical solution of 
r,a,v 
eqn»(4.8), obtained with the orthogonal collocation method, 
mentioned above. The limiting solution for a constant diffu-
sion coefficient y~ , is obtained from the first eigenfunc-
tion of the well known series solution [45]: 
y0,0 " 9r,0,0 " cos(^n^) (slab) (4.79) 





9ra2 Fig. 4.15 
The reduced concentration pro-
files for a slab in the regu-
lar regime. 
Fig. 4.16 
The reduced concentration pro-
files for a cylinder in the 
regular regime. 
Fig. 4.17 
The reduced concentration pro-
files for a sphere in the 
regular regime. 
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in which Vi=2.40483 is the first positive root of Jn(v )=0, 
with e/o representing the zero order Bessel function. In appen-
dix A, a polynomial approximation of the Bessel function: 
Ja(V\$ 2) is given for computational purposes [47]. 
y 
y0,2 ~ 9r,0,2 = ~^% (sphere) (4'81) 
The limiting solution y m may be obtained by expressing eqn. 
(4.8) in terms of the variable y : 
The limiting form of this equation for a*™ becomes: 
which was solved by Schoeber [22], resulting in: 
Vm v = 2 " *V+2 (4.84) 
Substitution of eqn.(4.79), (4.80), (4.81) and (4.84) in eqn. 




v^, „ A- [cosf-tn*) +U-q>2-cos(iTT<*)} <~)f (4.85) 
2 
V, , .,, .
 T , '/, ,, , a , ,a+2 7
r,a,l= [J»(»x* } +U-*-J0(\il*/*)}(£T)f (4.86) 
73 
Together with the approximate relations for the average values 
of g , substitution in eqn.(4.21), finally results in the 
P)(X} v 
desired expressions for the concentration m : 
m0 0= 1 c08^*)*1^) (4.88) 
1 
„ ,
 L T ^ 
a,0 a+2 ' a+1 a+1 
 =
 r * ^ j « / 2 2 s r f c i i + «0rj!2/*i (1.E) (4>89) 
for a slab and: 
a=lJ7(k)J<M%)(1-E) (4-90) mo 
I v J L 
ma,2~ r ^ r ; ^ 5 — + - ^ r " 7 (1~E) (4'91) 
for a cylinder, with Jl(\x1)=0.S191S and ef, denoting the 
Bessel function of order 1. 
m
o,2-J —7,— (1~E) (4-92) 
me,0,r j ' ' 2 " * ' a t *=° (4-93) 
1 1 
_ ,2+\e Aa &rsin(** /s) , a(l-* / j ; £+1 , , m
a,2~ (—^2 ; [. ^ . / / , + S*i ] (1~E) ( 4 '9 4 ) 
(a+1 )ir$ ' 
* / • — 
m
c,a,2= {^k^)(1(1-E) at*=° <4-95> 
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for a sphere. These approximations give explicitly the con-
centration profiles for large times. For short times, however, 
application of the relations given above leads to erroneous 
results, which has already been discussed at length in sec-
tion 4.2.1. In the following, it will be demonstrated that 
simple approximations can also be constructed for the initial 
stage of the desorption process by modifying the analytical 
short time solutions for a constant diffusion coefficient. 
For a constant diffusion coefficient, the short time 
solutions for slab, cylinder and sphere can be expressed by 






^I77; " e^a(1i^} (4'96) 
for a slab, and: 
y 
mQ 2= 1 - <t>~ ^erfaf1'^ ). (4.97) 
- i - exp(-l/8i)
 KJL(1/8X)




 (vz) '* * 
m 
a 
for a cylinder, with Kj_ representing the modified Bessel 
function of order •* . A computational formula of this function 
for large values of the argument is given in appendix A. 
m0if 1 - rV* [erfcfl^-L) - erfa(i^-)] (4.99) 
m S J . Sexp(-l/4r) ^ ^ (^1QQ] 
(vx) "a, OX
 x
 ,_„ , V, 
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for a sphere. For nonzero values of the power a, Friedmann 
[48] solved the diffusion equation by considering a semi-
infinite medium. In case of small fractional values of a, 
either positive or negative, a second order approximation 
appeared to be of sufficient accuracy. For larger values of 
a, however, this approximation fails and higher order terms 
have to be employed, leading to expressions of increasing 
complexity. As we are not only interested in weak dependences, 
another approach is necessary in order to arrive at more 
feasible relations, which in addition apply to the cases of 
cylinder and sphere as well. A particularly simple relation 
appeared to be of substantial value in approximating the ini-
tial stage of the diffusion process: 
m - mn with b = ——r - n, . ° ,v' . , _ , _ „ . (4.101) 
<z,v 0,v a+1 2(v+2)(a+l)(a+2) 
in which m„ represents the short time solution for a con-
stant diffusion coefficient, given by eqns.(4.96)-(4.100). As 
long as the centre concentration remains unaltered, eqn. 
(4.101) provides a satisfactory approximation. 
In order to effectuate a gradual transition between the 
short and large time approximations, a region is defined, in 
which a complete transition from short time to large time 
solution is established. In section 4.2.1 it was derived that 
the regular regime possesses a lower bound T, satisfying eqn. 
(4.48). Moreover, point Q was defined as a transition point 
belonging to the regular regime. The concentration profile, 
however, will exhibit much resemblance to the regular regime 
profile, long before point Q is reached. By examining the 
flux function G for a slab (section 4.2.1), it may be observed 
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that in point S, corresponding to the occurring maximum in 
the regular regime solution for the flux function G, the 
difference between the actual G curve and the regular regime 
curve ( -fig- 4.8 ) has already become small. Consequently, 
the concentration profile in point S is expected not to dif-
fer very much from the regular regime profile. Hence, point 
S, as far as the concentration profile is concerned-•, may 
serve as an upper bound of the transition region. Unfortuna-
tely, for cylinder and sphere, the maximum in the regular re-
gime solution for G is located in the region E<E- and is 
therefore useless as an upper bound. For that reason we de-
fine the upper bound of the transition region for cylinder 
and sphere as the value of the efficiency E at which the cen-
tre concentration is equal to the centre concentration in 
point S for a slab. According to eqns.(4.36) and (4.47), the 
value of the efficiency in this point R, is then determined 
by: 
_ j _ 9r,a,v
 (a+l 
ER = 2 - -ijm (%£). (4.102) 
9
r,a,0 
Together with point T as the lower bound of the transition 
region, the location of the transition is now established. A 
linear combination between the two limiting approximations 
appeared to provide an effective transition. The concentra-
tion profile during the transition is then determined by: 
(Eu-E)m' + (E-EJm" 
Vv EfTT (4*103) 
where m' and m" are the short and large time approxima-a,v a,v s *^ 
tions for the concentration profile. In table 4.2 a summary 
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SLAB (v=o> CYLINDER (v»D SPHERE
 (v=2) 
Short time approximations with: b = g^| " i l v^ l la l l i ta+ j ) (penetration period: E<ET) 
m 0^= [ 1 -erfc(M) -erfcl l i i ) ]1 ' m ^ n - O ^ e r t d ! ^ ? ) ] 6 
m;.a,, = (1-(1t.T)-"2e-»•'.K„I.(^)l,' 
m;^[1-»- , ,3(erfc(^)-erfc(^-3)) 
m;A2=[l-2nT.Tf1'2e-1"Mb 
Large time approximations (regular regime: E>ER) 
m;i0=nCos(Jn<ti)[i-E] 
& 
K (Z^a j^cos f t r ^ , a l l ^ l f , 
a+2 a+1 a»1 
[1-E] 
mJ-^ ib—Jodi , * " 2 ) [1-E] 
a*2 a+1 a+1 
.5^ 
(1-E1 
m» it2 sin(TI<|)"3) 
^ ^ ( ^ j g ^ ' ^ s i n l ^ gjM^53 , 
w
 a»2 ' l M « W ) a+1 
Il-E] 
Transition region with: nv,„= (Ea-E)m^»(E-Er)mj'» (ET<E < E R ) 






l l - ( Z + £ 
a+2 
r 1 - M i l ! ,., 
ERJ * * li.(2*t«'aHa*1) 
2+e.a a+2 
.r-h 
"I i-(24e' /V' 
1 - i (Q-0) 
i i - i i i 
24e"a 0*2 
Table 4.2 
Approximate relations for the computation of concentration 
profiles in case of a concentration dependent diffusion 
coefficient of the type: D = m . 
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is presented of the formulas, needed for the computation of 
the concentration profiles in the different regions of inte-
rest. 
4.3.2 A comparison between approximate and numerical methods. 
In fig. 4.18 the results of approximate and numerical 
methods are shown for slab, cylinder and sphere at increasing 
values of a. It may be observed that the deviations are main-
ly located in the transition region, but vanish rapidly as 
soon as the regular regime is entered. In fig.4.19 the concen-
tration profiles for a shrinking cylinder and sphere are 
shown, together with the concentration profiles for a non-
shrinking cylinder and sphere (open dots) at the same values 
of the efficiency E. As may be observed, the concentration 
profiles in case of shrinkage, tend to a slightly more rect-
angular shape compared to the profiles in case shrinkage is 
absent. These small differences are evidently inherent in the 
application of the shrinking coordinate system, as defined in 
section 3. Moreover, as the value of a increases, the differ-
ences gradually vanish. From these observations it may be con-
cluded that also for shrinking sytems the approximate rela-
tions, given in table 4.2 can be applied directly. Incidental-
ly, it should be pointed out that, although the concentration 
profiles for shrinking and non-shrinking systems show an ap-
parent similarity, the time scale of the diffusion process in 
both systems is entirely different. 
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Fig. 4.18 Concentration profiles for non-shrinking slabs, 
cylinders and spheres. (—): numerical, (o): approximation. 
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Fig. 4.19 Concentration profiles for shrinking cylinders 
and spheres. (—): numerical, (o): approximation. 
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4.4 An approximate method for the computation of mass flux 
and desorption time under Neumann boundary conditions. 
In the previous sections, we considered the desorption 
process subject to Dirichlet boundary conditions, corres-
ponding to an infinitely high initial flux. It has been men-
tioned in chapter 3 that the initial stage of the desorption 
process, if controlled by external mass transfer, may be de-
scribed by means of a Neumann boundary condition, i.e. a con-
stant flux n . for non-shrinking systems or a constant value 
m,%
 s 
of the product j • •R-, for shrinking systems. This stage of 
Til y Is CL 
the desorption process is usually referred to as the constant 
rate or constant activity period. 
4.4.1 Non-shrinking systems. 
According to eqn.(3.32), the flux parameter in the con-
stant activity period for non-shrinking systems is given by: 
n ..ft, n . ,R 
1 = _^-_lo=^o_JL (4.104) 
m,o o m,o o 
The end of the constant activity period may be represented by 
a critical point P. In this point P, the surface concentra-
tion has reached a value at which a constant flux can no lon-
ger be maintained [21]. For a.power function variation of the 
diffusion coefficient with concentration, Schoeber [22] com-
puted the critical average concentration for different values 
of the initial flux by solving the diffusion equation numeric-
ally. He observed that in the critical point, the ratio be-
tween the Sherwood number, computed with a constant flux boun-
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dary condition and the Sherwood number, computed with a con-
stant surface concentration equal to the surface concentra-
tion in the critical point, was virtually independent of the 
value of the initial flux. According to eqn.(4.12), the Sher-
wood number ratio A is equal to the corresponding flux 
ratio: 
d,a,v P 
where F_ is a known function of the critical average concen-
tration Tip, given by the relations of fig. 4.6, in case of a 
zero critical surface concentration. For nonzero values of 
the critical surface concentration, the flux parameter fol-
lows from: 
Shd -Fp(mp,miiP) = —Cmp- mi)P)Dp = 
Sh m 
-£• J D (mJdm 2 p 
m. _ 
Sh-, m_ m. _ 
-==• [ J D (m)dm - Sx'e D (m)dmj 2 v p • 
o o 
= Fp(mp,0) - F(mi p,0) ' (4.106) 
which holds, if P belongs to the regular regime and if Sh- is 
constant. The right-hand side of eqn.(4.106) may be evaluated 
by the relations for a constant zero surface concentration. 
In principle, the critical average concentration mp may now 
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Fig. 4.20 The constant activity Sherwood number in the 
critical point P at different values of a. 
(o): numerical, (—): linear approximation. 
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be determined from eqn.(4.105) by employing the numerically 
computed value of the Sherwood number ratio. As, according to 
eqn.(4.28) the constant surface concentration Sherwood number 
Sh, is constant in the regular regime, a similar relation 
may be expected for the constant activity Sherwood number 
Sh, . Indeed, a pseudo linear relationship was found by 
plotting the numerically computed values of the constant act-
ivity Sherwood number against the factor ——p , as shown in 
fig. 4.20. The linear correlation is given by: 
Sh, = 6 + 2v + (4.4429 +3.9348v) (-^-) (4.107) 
d,a,\> a+2 
The Sherwood number ratio A then follows from eqns.(4.29)-
a, v M 
(4.31) and eqn.(4.107): 
12+10.4429a ,
 n , , ., ,„„. A „ - »—-j (slab) (4.108) 
a,0 n2+e2.a 









V 2 +e'\a 
(sphere) (4.110) 
The location of the critical point P, represented by the so 
called critical point curve F(mp) , is shown in figs. 4.21, 
4.22 and 4.23, for slab, cylinder and sphere respectively. 
The drawn lines in these figures correspond to the numerical 
solution of the diffusion equation, subject to a constant 
flux boundary condition, whereas the open dots correspond to 
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Fig. 4.21 The critical point 
curve for a slab at different 
values of a. 
Fig. 4.22 The critical point 
curve for a cylinder at dif-
ferent values of a. 
Fig. 4.23 The critical point 
curve for a sphere at differ-
ent values of a. 
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The desorption time t denoting the length of the constant 
activity period follows from integration of the mass balance, 
given by eqn.(4.11): 
1 -m 
Tp= = (4.111) 
(v+UF 
4.4.2 Shrinking systems. 
According to eqns.(3.41) and (3.44), the flux parameter 
in the constant activity period for shrinking systems is 
given by: 
F*(l + 
F*(1+ o r n ^ v . . = o _ o ; (4.112) 
o d 0 0 0 D °m,z,o o 
m s,o m,o s,o o 
The critical average concentration mp follows from eqn. 
(4.105) and (4.112) together with the necessary correction 
for shrinkage as given in fig. 4. 7. Integration of the mass 
balance, given by eqn.(4.64) finally yields the length of the 
constant activity period for shrinking systems: 
d p d 0 —rr d P —rr d P .••—rr 
ms,o
 (1+ sjwy+l^^ fjw^l^ sjr^o- v+l 
r nl ml. « P d 0 a 0 P 
2d 0 F* m s,o m s,o m s,o 
8 m,o o 
(4.113) 
d 0 —TT 
s m,o -,v+2 
-j mJ d 0 
m s,o 
, 1 d 0 —rr s m,o ,v+2 





 ( -f8 p I -
P P D [Jm,iud' 




 (j8 ft ) p
m „
p
* J>~ 'Om,i,o"o' m,o s,o o
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4.5 Non-isothermal conditions. 
In case of transient behaviour of the average particle 
temperature, internal mass transfer will also be affected, as 
heat and mass balances of the dispersed phase are coupled, 
due to the temperature dependence of the diffusion coefficient 
(see fig. 3.1, Chapter 3). This temperature dependence of the 
diffusion coefficient is usually given in the form of an 
Arrhenius relation [22]: 
D = Drefexp[- ^ i 1 - - 1 — ) ] (4.114) 
ref 
ref 
where D represents the diffusion coefficient at an arbi-
trary reference temperature T ~ and E , is the activation 
energy for diffusion. 
If the activation energy does not depend on concentration, we 
may write: 
D(m',T) = &(<*').Q(T) (4.115) 
m m 
In this form, the temperature dependent part Q(T), which is 
independent of the space coordinate •, may be incorporated in 
the time variable x, as will be shown in the following. 
According to eqn.(3.28), the diffusion coefficient for non-
shrinking systems reads: 
D = D D (4.116) 
or 
whereas, for shrinking systems, according to eqn.(3.38), the 




Consequently, the diffusion coefficient D assumes the separ-
able form 
only, i.e. 
of eqn.(4.115), if D is a function of temperature 
'."F-pt-kf'rr-:'1 (4-U8) 
ref 
where u represents the diffusion coefficient at tempera-
ture T „ and moisture content &>' 
ref m,o 
The important advantage of writing the diffusion coefficient 
in the separable form of eqn.(4.115) is, that the approximate 
solutions, established in the preceding sections, apply withr-
out modifications. The only difference between the isothermal 
and non-isothermal case is expressed by the difference in real 
desorption times. For non-shrinking systems, the real desorp-
tion time t, under non-isothermal conditions is expressed by: 
T /?* E Rz 
t = f £•& = f - ^ j dE (4.119) 
o o o o ^ 
whereas for shrinking systems: 




 f d-z = f f 8 y» p»<g (4.120) 
o o s,o O O 8,0 i 
In the non-isothermal case, D is a function of the average 
particle temperature T-, and consequently a function of t or S 
as follows from the heat balance, given by eqn.(3.64). If the 
efficiency E is chosen as a time parameter, the heat balance 
becomes: 
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dT, R ~„ Dp 
~p -c d = o [ a e f f _ o m J o F t H } ( 
d p,d dE D F g b d R vap 
for non-shrinking systems, and: 
dT,
 JL1 d2R2 ~„ D P P 
>d%ddir-Rj*r*(Dxro)l * (TbT*} dsRs ^ 
(4.122) 
for shrinking systems. 
From eqn.(4.121) or (4.122), the average particle temperature 
T-, may be evaluated as a function of the efficiency E, which 
consequently gives D as a function of E, whereas the real 
desorption time t may now be determined by straightforward 
integration of eqn.(4.119) or (4.120). 
A further complication may arise, if the activation 
energy E , depends on moisture content. As was found by 
Schoeber [22] from drying experiments with glucose-agar gels, 
the activation energy of the diffusion coefficient varies 
with the average moisture content. Although this implies 
an additional dependence on the efficiency E, the diffusion 
coefficient retains the separable form of eqn.(4.115) and 
consequently no further modifications of the approximate 
model are required. 
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4.6 Application of the approximate method to enzyme inaot-
ivation during drying. 
In the preceding sections, approximate methods were con-
structed for the computation of a complete desorption process. 
The problem of a Robin boundary condition is replaced by the 
separate problems of a Neumann boundary condition at the ini-
tial stage of the desorption process (period of constant act-
ivity) and a Dirichlet boundary condition during the falling 
rate period. This replacement allows the computation of the 
desorption time as a function of the efficiency E by applying 
the approximate methods, given in sections 4.2 and 4.4, 
whereas the moisture profile in case of a Dirichlet boundary 
condition follows from the relations given in table 4.2. 
The moisture profile during the period of constant activity 
will lie between a uniform profile and the profile, corres-
ponding to the Dirichlet case. Both extreme situations will 
be considered in chapter 6. 
Enzyme inactivation, according to eqn.(2.9), is directly 
related to the moisture profiles. Concentration profiles of 
active enzyme may therefore be computed from the approximate 
relations of table 4.2. 
The balance equation for enzyme inactivation, given by eqn. 














S3 D p* X*F* 
o s,o % 
'<. u > ' (4.124) 
e e 
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for shrinking systems. 
Integration yields: 
a' E R*k 
-£— = exp[- f ^YjdE] (4.125) 
e,o o o i 
for non-shrinking systems, and: 
to' E deR2k 
^p— = exp[- S **Sx*FdE] ( 4 * 1 2 6 ) 
e,o o o s,o i 
for shrinking systems. 
The integrand in eqns.(4.125) and (4.126) is a function of 
the space coordinate $ and the efficiency E. Evaluation of 
the integral yield the concentration profile of the active 
enzyme as a function of the efficiency E. 
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CHAPTER 5 
Experiments on thermal enzyme inaotivation. 
5.1 Introduation. 
A prerequisite for obtaining reproducable results from 
enzyme inactivation experiments is the application of a re-
producable medium. In real food systems, factors like compo-
sition, pH etc. are hardly constant, which complicates com-
parison between different sets of experiments. For this rea-
son food simulating systems of exactly known composition are 
to be preferred for fundamental studies. Only if the kinetics 
of enzyme inactivation in such model systems are better com-
prehended, research may be shifted towards real food systems. 
In this study, use was made of a glucose-calciumalginate com-
bination with an enzyme entrapped in the gelmatrix. Glucose 
served as a dissolved solid component, which amount could be 
varied in order to adjust the moisture content of the gel to 
the desired value. An important advantage of using calcium-
alginate as an enzyme carrier, is the fact that the gel dis-
solves in a phosphate medium at an appropriate pH with an 
almost complete recovery of the enzyme. In this way a separa-
tion step, which may cause loss of enzyme activity, is avoid-
ed. It should be mentioned that similar gels have been used 
in simulating fruits [49]. The usual way of preparing algina-
te gels, consists of adding an alginate solution to a solu-
tion containing calcium or other appropriate ions and allow 
crosslinking by slow diffusion of the calcium ions into the 
alginate. This method fails however, if a gel of definite 
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shape and composition is desired. It is however possible to 
delay crosslinking by means of adding a sequestering agens, 
which forms slightly soluble calcium salts and in this way 
controls the concentration of free calcium ions. The addition 
of small amounts of sodium pyrophosphate for instance, keeps 
the gel in a liquid state for about 10 minutes, which is 
enhanced, if the gel is kept at a low temperature. This way 
of preparing, allows the gel to be injected in moulds of any 
desired shape with high reproducability, whereas the compo-
sition of the gel remains unchanged. 
In view of the nature of this thesis, the choice of the 
enzyme is not very relevant. From the numerous enzymes, occur-
ring in food systems, soy bean lipoxygenase was chosen for 
two reasons. In the first place, for its importance in a large 
variety of foods. Some important raw materials, containing 
lipoxygenase are given in table 5.1. Lipoxygenase activity 
causes degradation of several compounds of nutritional value 
like vitamin A and poly unsaturated fatty acids (linolic acid, 
oleic acid), resulting in off-flavour development (rancidity), 
















Table 5.1 Some plants containing lipoxygenase [50]. 
In the second place, the availability of a rapid and accurate 
enzyme assay for the determination of enzyme activity. 
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5.2 Thermal inactivation kinetics of soy bean lipoxygenase 
entrapped in a gluaose-aalciumalginate gel at different 
moisture content-temperature combinations. 
5.2.1 Introduction 
The moisture and temperature dependence of soy bean lip-
oxygenase inactivation in a glucose calciumalginate gel was 
studied by measuring the residual enzyme activity after a 
time-heat treatment of the gelsystem in a closed cell at dif-
ferent moisture content-temperature combinations. In the fol-
lowing subsections, the design of the inactivation experiment, 
together with the enzyme assay for the determination of re-
sidual lipoxygenase activity are treated. 
5.2.2 Preparation of the gel. 
The gel was prepared by following a standard recipe, in 
order to obtain a moisture content of 0.75 on total basis. The 
general procedure for the preparation and further treatment of 
the gel is shown schematically in fig. 5.1, whereas the neces-
sary amounts are given in table 5.2. 
An aqueous solution of glucose and sodiumalginate (A) was pre-
pared by mixing the sodiumalginate powder (Manucol DH, l&-65cp, 
Alginate Industries Ltd. London) with D(+)-glucose monohydrate 
(nr. 8346, Merck, Darmstadt) and adding demineralized water in 
small portions under stirring and slightly heating. Final 
treatment with a high speed mixer (ultra turrax, Janke & 
Kunkel, IKA Werk) resulted in a clear viscous solution. Air 





















Sample for (pre)drying 
,w0 
Solution of enzyme* 
gel (pH = 7.70) 
VH 
1M K2HP04/ Citric acid (pH=7:70) 
Linolic acid in foH=770) 












— W„ (H20) 
<E> 
V l 
Final solution for 
enzyme assay.(pH=7.70) 
V, 
Fig. 5.1 General procedure for the preparation and further 
treatment of the enzyme/gel combination. 
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W = 2 .4000g 
W = 4 1 . 1 6 0 0 g 
W = 94 .4400g 
W = 1.2000g 



















0 . 0 2 0 0 g 
3 .0000g 
0 .2000ml 
3 . 0 0 0 ml 
(o = 9 .0831x10 2 
m,2 
u = 2 .0910x10 l 
m,4 
(i) = 4 . 0 3 5 3 x 1 0 " * 
m,5 
u = 8 . 5 5 5 1 x 1 0 " 2 
m,8 
d = 996 kg/m3 
m 
d = 1 5 6 2 kg/m3 
s 
Table 5.2 Standard amounts for the preparation of a gel with 
moisture content 0.75 on total basis and other data. 
under low pressure, after which water was added in order to 
compensate for losses during the different treatments. The 
solution was allowed to stand overnight in a closed bottle at 
4°C. Immediately before the preparation of the gel, calcium-
sulphate (Nr. 31221 Riedel-de Hae'n AG, Seelze-Hannover) was 
suspended in a solution of sodiumpyrophosphate (Nr. 6591, 
Merck, Darmstadt), using the ultra turrax mixer. This suspen-
sion (B) was kept in melting ice, in order to diminish release 
of calcium ions. Next, a fresh enzyme solution (E) was pre-
pared by dissolving lipoxygenase (Nr. 28021, Serva, Heidel-
berg) in a solution of sodiumpyrophosphate and citric acid 
(Nr. 244, Merck, Darmstadt) at pH=9 under slow magnetic stir-
ring (Magnetic stirrer, Cenco Instrumenten Mij N.V. Breda, 
Holland). The enzyme solution (E) was carefully pipetted 
(Pipetman P5000, Gilson, France) into solution (A) under slow 
magnetic stirring, preventing inclusion of air bubbles. Final-
ly an amount of the freshly prepared suspension (B) was -added 
under slow magnetic stirring, after which crosslinking started. 
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U), 'm.A -
W20>m.2 + W3 
Wl + W2 + W3 
Wm,B = w«. +wi +w6 




U)m.F = WA(JL)m.A + WBU)IH,B • WEU)HI,E WA +WB +WE 
w « _ 0.65dm ds / 1 -ll)m.G \ 
W F
 " dm -t-(ds - d m ) 0 ) m j ' 1 -U)m,F ; 
W * - / Mm,F-mm,g \ l l l 
"^
 = 1
 - w T ^ ' 1 ' ^ 
WG* 0.60 4 ( 1 -t*>m.G ) 
WA = 4WQ(0.75-uyG) 













. 1.11 Viufe.i 
V I + V J 
Fig. 5.2 Flow diagram for the calculation of moisture con-
tents , necessary amounts for moisture adjustment and enzyme 
concentrations. 
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The gel remained in a liquid state for about 10 minutes and 
was injected in the bottom part of the inactivation cell, as 
shown in fig. 5.4. The necessary amount of gel (W*) to be in-
jected in order to obtain a final layer thickness of 0.9 mm 
was calculated according to the procedure as given in fig. 
5.2. This diagram also gives the necessary formulas for the 
calculation of the moisture content of the gel &> and the 
m, r 
amount of water W* to be removed by drying, in order to ad-
just the moisture content of the gel to the desired value. 
Enzyme concentrations in the gel and in the final enzyme as-
say may be calculated according to the second sequence of 
this diagram. 
5.2.3 The inactivation experiment. 
The application of glassware capillaries [10] as inact-
ivation cells poses some practical problems in case the gel 
has a low moisture content. Neither can a low moisture content 
gel be inserted easily in the capillary, nor- is it possible 
to adjust moisture content in situ in an easy way. For these 
reasons, a stainless steel cell was designed, that could con-
tain a circular gellayer of 0.9 mm thickness and 3 cm in dia-
meter (fig. 5.4) and in which 99% temperature equalization 
could be achieved within 5 seconds. 
The moisture content was adjusted by predrying the gel, for 
which purpose, a perspex cap was adapted to the bottom part 
of the cell as shown in fig. 5.3. Air of room temperature was 
passed through the cell, until the moisture content had reach-
ed the desired value, which was controlled by weighing the 









STAINLESS STEEL BOTTOM 
Fig. 5.3 Predrying of a gellayer in order to adjust 
moisture content. 
r u n 
gel layer with 
immobilized enzyme" n-n, 
Fig. 5.4 Closed inactivation cell with gellayer. 
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±0.1 mg, Sartorius). After adjustment of moisture content, 
the cell was closed and allowed to stand for several hours in 
order to achieve redistribution of moisture inside the gel-
layer. For an inactivation experiment, 8 cells were used, of 
which 2 served as untreated reference samples, whereas the re-
maining 6 were immersed in a thermostatted waterbath (Tamson, 
Holland) during different times. Immediately after heat treat-
ment, the cells were cooled in melting ice. 
5.2.4 Determination of lipoxygenase activity. 
An amount of W_ g of the gellayer after heat treatment 
was dissolved in V ml of a 1M solution of K HPO (Nr. 5101, 
Merck, Darmstadt) and citric acid at-pH=7.70 under slow mag-
netic stirring. Finally, W gram of demineralized water was 
added to the enzyme solution (I), which was kept in melting 
ice until use. The necessary amounts W*, W* and V* were cal-
ii 11 n 
culated according to the procedure as given in fig. 5.2 in 
order to obtain a solution of standard composition, corres-
ponding to a solution of 0.60 g gel, having a moisture con-
tent of 0.75 on total basis, in 5ml of solution (H). In this 
way, a similar composition of solution (I) was ensured for 
each experiment, which, in view of the comparability of the 
experimental results, was of course an absolute necessity. 
The residual activity of lipoxygenase was determined spectro-
photometrically [51] by making use of the enzymatic oxidation 
of linolic acid. In this reaction, a change in UV light ab-
sorption occurs, due to the formation of optically active 
hydroperoxides. As linolic acid oxidation follows Michaelis-




2 p (|ig/ml) 3 
Fig, 5.5 Rate of increase of absorbance r as a function of 
enzyme concentration p at different pH values. 
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r-i = -k irrr— P (5.1) 
V r K + p, e 
where k denotes the specific rate of linolic acid oxidation, 
K the Michaelis-Menten constant and P and P-, the mass con-
m e l 
centrations of enzyme and linolic acid respectively* In case 
linolic acid is present in excess, eqn.(5.1) turns into: 
r, = -* P (5.2) 
L v e 
Because thermal inactivation of lipoxygenase follows first 
order kinetics [11], we may write according to eqn.(3.79) in 
case of a fixed moisture content-temperature combination: 
Pe 
— — = exp(-k t) (5.3) 
P r e 
e,o 
Under standard conditions (pH, ion strength, composition, 
temperature etc.) the specific rate of linolic acid oxidation 
k , is constant. From eqns.(5.2) and (5.3) then follows: 
3% P 
l,o e,o 
indicating a linear relationship between oxidation rate and 
enzyme concentration. Following the procedure as given by 
Eriksson et al.[51], a significant deviation in linearity was 
however found at higher enzyme concentrations, despite the 
presence of an excess of linolic acid. A possible explanation 
for this phenomenon, may be a restricted availability of 
linolic acid, due to the low solubility at the pH prescribed 
by Svensson et al.(pH=6.75). An increase in pH resulted indeed 
in an increase of the oxidation rate, as is shown in fig. 5.5. 
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At a pH value of 7.70, the oxidation rate was almost linearly 
dependent on enzyme concentration. For this reason, the enzyme 
assays were carried out at a pH value of 7.70. 
Preparation of the linolic acid solution (J). 
In a 100 ml Erlenmeyer flask, 0.8 ml 1M K HP0 , 0.1 ml 
Tween (Nr» 822184, Merck-Schuchardt, Mvinchen) and 0.1 ml 
linolic acid (Nr. 5353, Merck, Darmstadt) were added under 
vigorous magnetic stirring, followed by addition of 4 portions 
of 0.8 ml 1M K„HP0 and bringing the dispersion to a final 
volume of 40 ml by addition of 35.8 ml of demineralized water. 
With 1M K0H, the pH of the dispersion was brought to the value 
9.50 (Knick-digital pH meter, type 634-1, Switzerland) at 
which a completely clear solution was obtained. Next, 1M HC1 
was added dropwise until the pH value of 7.70 was reached. 
Finally 10 ml of this solution was added to 70 ml of a 0.1M 
KHP0 /citric acid solution, also at pH=7.70. This fresh 
linolic acid solution was used immediately for the enzyme 
assay. 
Enzyme assay. 
The activity of lipoxygenase was determined by UV light 
absorption at a wavelength of 234 nm with a CARY 118 spectro-
photometer (Varian Instruments division) in thermostatted 
(25°C) 4 ml absorption cells (229.10s, Pye Unicam). Of the " 
above mentioned linolic acid solution, 3 ml was pipetted in 
each of the absorption cells, of which one served as a refer-
ence cell. Next, 200 \il of the enzyme solution (I) was pipet-
ted rapidly in the measuring cell. As under the prevailing 
conditions, the change of absorbance in time was linearly 
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dependent on enzyme concentration, the specific inactivation 
rate k was found by plotting the relative oxidation rate 
values logarithmically against the time of heat treatment, in 
accordance with eqn. (5.3). 
5.2.5 Results from inactivation experiments. 
The results from inactivation experiments at different 
moisture content-temperature combinations are given in table 
5.3. From the Eyring plots (see chapter 2), presented in fig. 
5.6, the changes in enthalpy A# and entropy AS were obtained 
by linear regression. 
Fig. 5.6 
Eyring plots for thermal 
inactivation of soy bean 
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Fig. 5. 7 
Moisture dependence of 
the specific inactiva-
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Fig. 5.8 Moisture dependence Fig. 5.9 Moisture dependence 
of the enthalpy Aff for the 
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The moisture dependence of the specific inactivation rate k 
e 
was determined by applying eqn.(2.9) for fitting of the com-
plete data set. Fig. 5. 7 shows the specific inactivation rate 
as a function of moisture content on total basis, at different 
temperatures, where the drawn curves are calculated according 
to eqn.(2.9) together with the parameter values given in 
table 5.4. In addition, the experimentally determined values 
of enthalpy and entropy at different moisture contents are 
presented in figs. 5.8 and 5.9 respectively, where the drawn 
curves are calculated according to eqns.(2.7) and (2.8) with 
the parameter values from table 5.4. 
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5.3 Drying experiments. 
Enzyme inactivation during drying was realized in a ther-
mostatted cylindrical drying cell, as drawn schematically in 
fig. 5.10. In this cell, either 8 hanging samples, attached 
to thermocouple wire or plastic strings, or 8 layers could be 
dried simultaneously. For the drying experiments, spherical 
samples were used, obtained by injecting liquid gel material 
in a perspex mould, consisting of two separable parts, each 
containing one half of the sphere volume (fig. 5.11). Attach-
ment of the spheres to thermocouple wire or plastic string 
was achieved by inserting the wire or string in the mould be-
fore injecting the gel. 
At different times during the drying experiment a sample was 
removed from the cell, weighed in order to determine its 
moisture content and finally dissolved in solution (H) for the 
determination of the residual enzyme activity, as described 
in section 5.2.4. The drying air was held at a constant flow 
rate and passed through a spiral-tube immersed in a thermo-
statted water bath at the desired temperature. The tempera-
ture of one of the samples and of the surrounding air was mo-
nitored continuously during the drying experiment by means of 
thermocouples. Uniform gas phase conditions were achieved by 
direct mixing in combination with a tangential/anti-tangential 
air inlet/outlet construction. The drying conditions for the 
test case examined here were: an initial moisture content of 
0.75 on total basis and drying air (<1% RH) of 70°C. The re-
sults of this drying experiment will not be treated here, as 


























SAMPLE HOLDER FOR 
GEL LAYER 
Fig. 5.10 Drying c e l l . 
plastic string 
or thermocouple wire 
injection 
of liquid gel 
perspex mould 
Fig. 5.11 Mould for the 
preparation of spherical 
ge l s . 
110 
5.4 The diffusion coefficient of water in glucose-calcium-
alginate. 
The moisture dependence of the diffusion coefficient 
was determined, according to the method, described by Luyben 
et al.[25]. Values of the diffusion coefficient at different 
moisture contents are given for the temperatures T=50°C and 
T=70°C in table 5.5. 
In case the diffusion coefficient is described by a power 
function relation (D = m ), eqn.(4.117) may be written as: 
D = ° °>o (1 +")»(*>)* (5.5) 
<*' ) a d8 dm m 
m,o 
By applying this relation for fitting the experimental values 
of the diffusion coefficient at T j=50°C, with d =1562 kg/m3 
vej s 
arid d =1000, kg/m3, it appeared that the moisture dependence 
may be reasonably approximated by the power function relation, 
given above. This is shown in fig. 5.12, where the values of 
the diffusion coefficient are approximated by eqn.(5.5) with: 
a = 0.5954 and DPe^= 2.69*10~* m2/s at <o' =3 and T „=50°C. 
o m,o ref 
As for the temperature dependence of the diffusion coef-
ficient, eqn.(4.118) was applied, together with a moisture 
dependent activation energy, given by: 
E j= 80000(- J. . , +0.147) (5.6) 
a,d l+lum 
m 
which relation is in agreement with the moisture dependence, 
proposed by Van der Lijn [23] for glucose solutions. 
In table 5.6 the complete moisture and temperature dependence 























































Power function approximation 
for the diffusion coefficient 
of water in glucose-
calciumalginate. 
^ref
 r a.d , 1 
2 I 
•7 P 1 "> 
2 i 7 s,o ,1 _, m,o ,2 ,,., ,a * , 
•=; J J i-j— + j ) (u ) m / s 
J
 m,o 
= 80000 (-„ -T + 0.147) ; w' =3 ; p = 274.71 kg/m3 ; 
a,d ""'2+20(1)' ' m,o ' ' s,o 
T . =323.15K; Dref=3.69*10~'ms/s; d =1562kg/m1;d =1000kg/m3 
ref o s m ° 
Table 5.6 Moisture and temperature dependence of the diffusion 
coefficient of water in glucose-calciumalginate. 
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CHAPTER 6 
Results and discussion. 
6.1 Introduction. 
In this final chapter, we will discuss the results from 
the inactivation experiments with soy bean lipoxygenase and 
compare the results obtained from the drying experiment, men-
tioned in chapter 5, with computer simulations of the experi-
ment by applying the complete model of chapter 3 and the ap-
proximate model of chapter 4. 
These computer simulations required the moisture and tempera-
ture dependence of the diffusion coefficient as well as the 
specific inactivation rate of lipoxygenase. For the moisture 
and temperature dependence of the diffusion coefficient of 
water in glucose-calciumalginate, the power function approxim-
ation, given in table 5.6 was applied, whereas eqn.(2.9) to-
gether with the parameter values of table 5.4 served for the 
evaluation of the specific inactivation rate. 
6.2 Moisture and temperature dependence of enzyme inactivation. 
From the experimental results on the thermal inactiva-
tion of soy bean lipoxygenase, it was found , that moisture 
content strongly influences thermal stablity of the enzyme. 
Moreover, it appeared that lipoxygenase exhibited the kind 
of behaviour as postulated in chapter 2. A comparison between 
figs. 2.1 and 5.7 shows that lipoxygenase may be classified 
in the category p>q. 
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Enzyme inactivation during drying of a spherical glucose-
calciumalginate gel (R = 5 mm, u>' = 3 kg/kg solids), 
o m,o 
containing soy bean lipoxygenase. Air temperature T.= 70°C. 
Experimental (dots). Simulation with the complete model of 
chapter 3 (lines). 
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6.3.1 Computer simulation with the complete model (chapter 3) 
In fig. 6.1 the results from a drying experiment are 
shown together with a computer simulation of the experiment, 
applying the model of chapter 3. This figure presents the 
transient behaviour of the average moisture content, particle 
temperature and residual enzyme activity. The experiment was 
carried out in duplicate and the results are distinguished by 
open and black dots. As may be observed, hardly any differen-
ces occur between the two data sets, as far as moisture con-
tent and temperature are concerned. The values of residual en-
zyme activity are somewhat more scattered, but their differen-
ces remain within 10%. The parameter values, used in the com-
puter simulation are tabulated in appendix B. 
A comparison between experiment and computer simulation shows 
a good agreement. The predicted temperature exhibits a slight 
undershoot at the initial stage, which is probably caused by 
the occurrence of temperature profiles inside the material, 
as the time constant of temperature equalization (99% equali-
zation in about Is) is of the same order of magnitude as the 
length of the constant activity period (about Is). Consequent-
ly, the temperature at the centre will be higher than the sur-
face temperature, which is in agreement with the experiment. 
This phenomenon, however, has no serious consequences regard-
ing enzyme inactivation, as the temperature is still at 
moderate values. The predicted behaviour of moisture content 
and residual enzyme activity show no remarkable differences 
with the experimental results. 
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T(°C) 
30 60 90 
1 1 1 1 I 1 1 J 1 T -
120 150 180 tlminl 210 
Fig. 6.2 
Enzyme inactivation during drying of a spherical glucose-
calciumalginate gel (R = 5 mm, u' = 3 kg/kg solids), 
o m, o 
containing soy bean lipoxygenase. Air temperature T = 70°C. 
Experimental (dots). Simulation with the approximate model of 
chapter 4 (lines). 
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6.3.2 Computer simulation with the approximate model 
(chapter 4). 
Fig. 6.2 shows the same experimental results as fig. 6.1. 
The drawn curves represent a computer simulation of the expe-
riment, generated with the approximate model of chapter 4. 
In this simulation, the intersection point of the fluxes 
belonging to the period of constant activity and the falling 
rate period was taken as the transition point between both 
periods. Furthermore, the moisture profile, corresponding to 
the Dirichlet boundary condition was assumed to be valid in 
the period of constant activity. We also examined the other 
extreme situation of a uniform moisture profile throughout ; 
the entire period of constant activity. However, the results 
for this case, regarding enzyme inactivation, showed hardly 
any differences with the former case. This may be explained 
by the fact, that the initial temperature is relatively low 
and consequently, differences in inactivation rate due to 
differences in moisture content are less pronounced. 
It may be observed, that the moisture content decreases fast-
er than in the simulation with the complete model. This is 
not very surprising, as the Neumann boundary condition over-
estimates the initial flux, due to the assumption of a 
saturated water vapour concentration at the interface. At 
larger times, however, the predicted behaviour of moisture 
content is in good agreement with the experiment. 
The computed curve for the residual enzyme activity appears 
to be hardly distinguishable from the simulational results, 
obtained with the complete model. In view of the length of 




1. The application of the power function approximation for 
the moisture dependence of the diffusion coefficient, as 
given in table 5.6, yields satisfactory results, regarding 
the prediction of the drying behaviour of a glucose-
calciumalginate gel (fig. 6.1 and 6.2). 
2. The postulated relation for the moisture and temperature 
dependence of the specific inactivation rate, given by 
eqn.(2.9), applies to the enzyme soy bean lipoxygenase, 
immobilized in a glucose-calciumalginate gel (fig. 5. 7). 
3. The application of the above;-mentioned relation for the 
specific inactivation rate of soy bean lipoxygenase in 
a computer simulation of drying a glucose-calciumalginate 
gel with simultaneous enzyme, inactivation, resulted in a 
satisfactory prediction of the transient behaviour of 
residual enzyme activity (fig. 6.1). 
4. The computational results, obtained by applying the ap-
proximate model for enzyme inactivation during drying 
(chapter 4) are in good agreement with the experimental 
results (fig. 6.2). 
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SUMMARY 
One of the main reasons for drying of foods is the wish 
to improve the keepability of the end product. Deterioration 
of foods during storage is caused to a large extent by enzym-
atic and/or microbial conversions, which lead to changes in 
taste, colour, texture and nutritional value. It is therefore 
of importance, to choose drying conditions in such a way, that 
undesired micro organisms and enzymes are destroyed during 
drying. At the same time, however, food quality has to be pre-
served, which requires careful process control. Similar prob-
lems, although of opposite character, are encountered in the 
production of enzyme granulates (marumes) for application in 
detergents, immobilized enzymes for biotechnological applica-
tions, enzyme powders for pharmaceutical purposes and dried 
micro organisms, of which spray dried yeast is a prominent 
example. Evidently, thermal destruction of enzymes or micro 
organisms is not wanted here and process conditions have to 
be adjusted corresponding to the requirement of minimizing 
losses of enzyme or microbial activity. 
A prerequisite for optimum control is a fundamental know-
ledge of the process. In particular, a quantitative approach 
is indispensable in studying processes of high complexity. 
The application of mathematical models and simulation tech-
niques facilitate the interpretation of process data and may 
lead to a better understanding of the process dynamics. 
However, the description of complex processes, often leads 
to mathematical models of equivalent complexity, cumbersome 
for practical applications. For this reason, simplified com-
putational models are desirable. 
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This thesis comprises the design of such a simplified 
computational model for the simulation of enzyme inactivation 
during drying. As a starting point served the diffusion equa-
tion for a binary system, consisting of water as a diffusing 
component and a solid component, in order to describe moisture 
transport in the dispersed phase. 
By means of an analysis of the results, obtained from a 
numerical solution of the diffusion equation with a concen-
tration dependent diffusion coefficient (power dependence), 
correlations could be set up, which led to a simple approxim-
ate solution of the nonlinear diffusion equation, regarding 
the average moisture content as a function of time. These 
correlations apply to a diffusion process in both non-shrink-
ing and shrinking systems of slab, cylindrical or spherical 
geometry, in case of an initially uniform moisture profile 
and a constant surface concentration. Moreover, these correla-
tions also apply under non-isothermal conditions. 
In addition to these correlations, an approximate solu-
tion was constructed in order to evaluate the moisture pro-
files inside the drying material. 
For the thermal inactivation of enzymes, a model was 
postulated, which includes a possible moisture dependence of 
the inactivation rate. This model was applied to the descrip-
tion of the experimentally determined inactivation kinetics 
of soy bean lipoxygenase, immobilized in a glucose-calcium-
alginate gel. 
For this model material, also the moisture and tempera-
ture dependence of the diffusion coefficient was determined 
experimentally, according to the method, developed by 
Kerkhof [21], Schoeber [22] and Luyben [25], and described by 
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the above-mentioned power dependence. 
With the model material, drying experiments were carried 
out, in which moisture content, temperature and residual lip-
oxygenase activity were determined as a function of the dry-
ing time. These experiments served for testing the complete 
computational model as well as the approximate model. Computer 
simulations with both models resulted in a correct description 
of the drying experiments. 
By means of the simplified computational model, computing 
times could be reduced considerably (factor 1000), which makes 
the model pre-eminently suitable for incorporation in more 
complex descriptions, in which for instance particle size dis-
tribution and residence time distribution in dryers are in-
volved; and for which the complete model would require exces-
sive computing times. Moreover, if only drying times are of 
interest, a simple programmable pocket calculator will be 
sufficient, which makes the model more accessible to a larger 
audience in the process industry. 
Finally, as far as the experimental part is concerned, 
it should be mentioned that the determination of the moisture 
and temperature dependence of the inactivation kinetics is 
simple, but rather laborious. The determination of the moist-
ure and temperature dependence of the diffusion coefficient 
is automated to a large extent, but consequently requires 
much peripheral equipment. 
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SAMENVATTING 
Een van de belangrijkste redenen voor het drogen van 
levensmiddelen, is de wens, de houdbaarheid van het product 
te verhogen. Bederf van levensmiddelen tijdens opslag wordt 
voor een belangrijk deel veroorzaakt door enzymatische en/of 
microbiele omzettingen, welke leiden tot veranderingen in 
smaak, kleur, textuur en voedingswaarde. Het is daarom van 
belang, de droogcondities zodanig te kiezen, dat ongewenste 
micro-organismen en enzymen worden vernietigd tijdens het 
drogen. Tegelijkertijd, dient echter de kwaliteit van het le-
vensmiddel behouden te blijven, wat een nauwkeurige proces-
beheersing vereist. Soortgelijke problemen, hoewel van tegen-
gestelde aard, komt men tegen in de productie van enzymgranu-
laten (marumes) voor waspoeders, gelmmobiliseerde enzymen voor 
biotechnologische toepassingeny enzympoeders voor pharmaceu-
tische doeleinden en gedroogde micro-organismen, waarvan ge-
sproeidroogde gist een prominent voorbeeld is. Thermische 
destructie van enzymen of micro-organismen is hier natuurlijk 
ongewenst en de procescondities dienen zodanig te worden ge-
regeld, dat minimale verliezen aan enzymatische of microbiele 
activiteit optreden* 
Een eerste vereiste voor een optimale procesregeling is 
een fundamentele kennis van het proces. In het bijzonder, is 
daarbij een kwantitatieve benadering onmisbaar voor het be-
studeren van complexe processen. De toepassing van wiskundige 
modellen en simulatietechnieken vergemakkelijken de interpre-
tatie van procesgegevens en kunnen leiden tot een verbeterde 
kennis van de procesdynamica. Vaak echter, leidt de beschrij-
ving van complexe processen tot wiskundige modellen van ge-
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lijkwaardige complexiteit, die onhandzaam zijn voor praktische 
toepassingen. Om deze reden zijn vereenvoudigde rekenmodellen 
wenselijk. 
Dit proefschrift omvat het ontwerp van een dergelijk ver-
eenvoudigd rekenmodel voor het simuleren van enzyminactivering 
tijdens drogen. Als uitgangspunt hiervoor diende de diffusie-
vergelijking voor een binair systeem, bestaande uit water als 
diffunderende component en een vaste stofcomponent ter be-
schrijving van het watertransport in de disperse fase. 
Via een analyse van de resultaten, verkregen uit een nu-
merieke oplossing van de diffusievergelijking met een concen-
tratie afhankelijke diffusiecoefficient (machtsafhankelijkheid), 
konden correlaties worden opgesteld, waarmee op eenvoudige 
wijze de oplossing van de niet lineaire diffusievergelijking, 
wat betreft het verloop van het gemiddeld vochtgehalte met de 
tijd, kon worden benaderd. Deze correlaties zijn van toepas-
sing op een diffusieproces in zowel niet krimpende als krim-
pende systemen in de vorm van vlakke lagen, cylinders en bol-
len, uitgaande van een initieel uniform vochtprofiel en een 
constante oppervlakte concentratie. Verder gelden deze corre-
laties ook onder niet isofcherme condities. 
Naast deze correlaties werd een benaderende oplossing 
geconstrueerd ter bepaling van de vochtprofielen als functie 
van de tijd in het drogende materiaal. 
Voor de thermische inactivering van enzymen werd een mo-
del gepostuleerd, dat voorziet in een mogelijke vochtafhanke-
lijkheid van de inactiveringssnelheid, met behulp waarvan de 
experimenteel bepaalde inactiveringskinetiek van het enzym 
lipoxygenase uit sojabonen, geimmobiliseerd in een glucose-
calciumalginaat gel, werd beschreven. 
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Voor dit modelmateriaal werd tevens vocht-en temperatuur 
afhankelijkheid van de dlffusiecoefficient experimenteel be-
paald volgens de methode, ontwikkeld door Kerkhof [21], 
Schoeber [22] en Luyben [25], en beschreven met bovengenoemde 
machtsafhankelijkheid. 
Met het modelmateriaal werden droogexperimenten uitge-
voerd, waarbij vochtgehalte, temperatuur en resterende lipoxy-
genase activiteit werden bepaald als functie van de droogtijd. 
Deze experimenten dienden als toetsing van zowel het volledige 
rekenmodel als het vereenvoudigde rekenmodel. Computer simula-
ties met beide rekenmodellen resulteerden in een juiste be-
schrijving van de droogexperimenten. 
Met behulp van het vereenvoudigde rekenmodel konden re-
kentijden aanzienlijk worden gereduceerd (factor 1000), wat 
het model bij uitstek geschikt maakt voor inpassing in meer 
complexe beschrijvingen, waarin bijvoorbeeld deeltjesgrootte-
verdeling en verblijftijdsspreiding in drogers zijn opgenomen; 
en waarvoor het volledige rekenmodel teveel rekentijd zou 
vergen. Indien alleen droogtijden van belang zijn, kan zelfs 
met een eevoudige, programmeerbare zakrekenmachine worden vol-
staan, wat de methode toegankelijker maakt voor een breder 
publiek in de procesindustrie. 
Tenslotte, wat de experimentele kant betreft, dient ge-
zegd te worden, dat de bepaling van de vocht-en temperatuur-
afhankelijkheid van de inactiveringskinetiek eenvoudig, maar 
nogal bewerkelijk is. De bepaling van de vocht-en temperatuur-
afhankelijkheid van de diffusiecoefficient is in belangrijke 




A.l The large time solution for a slab: derivation of the 
space dependent part. 
The space dependent part of the diffusion equation for a slab 
is obtained by separation of variables, resulting in eqn.(4.8): 
J dg 
subject to the boundary conditions: 
dg 
9r = 2> W-= ° at *=0 (A-2) 
gr = 0 at-:*=l (A.3) 
dg 
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 nf*(l-*) = I za+2(l-z)~3sdz (A.5) 
a,u
 Q 
The right hand side of eqn.(A.5) is the integral representa-
tion of the incomplete beta function B (—Tp,-pJ [47]. Applying 
the boundary condition: z=0 at $=0, eqn.(A.5) yields: 
[2(a+2)Pa)0?* ? B(%Ll) (A.6) 
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where B represents the beta function for z-1. From eqn.(A.6) 
follows: 
R 2 ,a+l_ 2, 
*a,0 2(a+2) (Pi'n 
whereas eqn.(A.5) turns into: 
which implicitly gives z as a function of $. The beta func-
tions may be evaluated from the infinite series representa-
tion: 
^ a+1 
CD YJ-f- ... -„• 
_ .a+1 1, _ ,a+2. _ (2n)! a+2 ,. „, 
z a+i i a+1 __
 ntinf , , 2 r .a+2...-, n=0 2 (n!) [n(—-=•)+!J 
a+1 
The a v e r a g e v a l u e o f g f o l l o w s f rom: 
9-= f 9y,d* (A .10) 
0 
w i t h : g =1 a t $=0 and a =0 a t <l>=2. 
I n t e g r a t i o n by p a r t s o f e q n . ( A . l O ) t h e n l e a d s t o : 
9j. = S *d9y, ( A - 1 1 ) 
0 
with, according to eqn.(A.8): 




 B(a+1 l . (A-12) B(
~Z+1'T 
Elaboration of the integral in eqn.(A.ll) finally yields: 
*T = -JS&T: (A-13) 
B(a~+l'I) 
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A.2 Polynomial and rational approximations for the functions: 
J (z), erfo(z), KJz) [45,47]. 
o •» 
The Besselfunction of order 0: J (z) (-3 < z < 3) 
J (z) - 1 -2. 2499997(\)2+l. 2656208(%)* -0.3163866(%)* + 
O c o o 
0.0444479(j) "-0.0039444fyl°-0.0002100fy12+ | e | 
with: | e | <5*10~8 (A.14) 
The complementary errorf'unction: erfc(z). 
erfc(z) - (0.254829592x -0.284496736x2+1.421413741x3-
1.453152027x"+1.061405429xi)e~Z + | e | 
with: 
1 +0.3275911z and | e | < l.S*10~
?
 (A.15) 
The modified Besselfunction of order -J-; Kjjz). Approximation 
for large values of argument z. 
v , , _ , * , % ~Zr- 0.75 . 6.5625 162.421875, , . , _ . 
WZ) ~ (te} -e [1 -~8T + T78z-J*- -6l8zT> ] (A*16) 
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APPENDIX B 
B.l Physical constants. 
Boltzmann's constant: k = 1.38*10 23 (J/Mole.K) 
Planck's constant : h - 6.62*10~iS (J.s) 
Gas law constant : R = 8.314 (J/Mole.K) 
B.2 Conversion factors. 
Pressure : P(atm)= 1.01325*10* P(Pa) 
Temperature: T(K) = 273.15 + T(°C) 
B.3 Physical properties of air, water and glucose. 
Air: 
Molecular weight .[55]; M = 28*10~3 (kg/Mole) 
Heat capacity [57]; c = 1010 (J/kg.K) 
Thermal conductivity [56]; X = 4.5*10 +7.20*10 T (W/m.K) 
a,g 
Water: 
Molecular weight [55]; M. = 18*10~3 (kg/Mole) 
Liquid density [55]; d =1000 (kg/m3) 
Vapour heat capacity [57]; c =2000 (J/kg.K) 
Vapour diffusivity [56]; D = 5.28*10 T 2 (m*/s) 
Heat of vaporization [23]; Aff = 2.5*10' -2.25*10*(T-273.15) r
 vap 
(J/kg) 
A , A sat 2.1936*10'* r-7246.5822 _,_ Saturated water vapour p .= = expL ^ + r
 m,g,i T c T 
concentration [ 5 2 ] ; 77.641232 + 5. 7447142*10~3T 
-8.2470402 InTj (kg/m3) 
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Glucose: 
Density [55]: d = 1562 (kg/m3) 
The heat capacity of the system glucose/water was estimated by 
using the data of Norrish [54] for sucrose solutions, which 
were fitted with the following equation: 
c <= 4184[(0.5983-1. 7235xlO~'(T-273.IS))Z + p,d m 
1.7757 10~3(T-273.1S) + 0.4009 J (J/kg.K) 
Sorption isothewn [ 5 , 5 3 ] : 
= < 
r 0 for ID ' . = 0 
2+ (W/a' .-DC -[(2HW/a' .)C)2-4(1-C) J 
m,v m,i 
2K(1-C) 
« ' . 
K(W**> .) forC-1 
with: 
K = 1 
W = 0.12 
h 
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